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ABSTRACT 
The main objective of this research study was to (1) improve the understanding of 
the underlying mechanisms of durability-related deterioration in pavements; (2) improve 
the understanding of methods for extending pavement life, i.e., mixture ingredients; and 
(3) implement tools and specifications that will increase the longevity of concrete 
pavements. To this end, since it was of special interest to enhance current knowledge 
regarding salt-scaling resistance of concrete, an extensive effort was made in conducting 
a comprehensive literature review on the topic, after which an experimental program was 
designed to study the (i) relationship between the air-void system and salt scaling, (ii) 
effect of mixture components on hardened concrete properties and salt-scaling potential, 
(iii) impact of workmanship, i.e., effects of different finishing times and curing regimes 
on the scaling resistance of the concrete specimens, and (iv) correlation between 
concretes’ hardened properties and salt-scaling resistance. Statistical univariate and 
multivariable regression models were developed for use by researchers and field 
engineers, using non-destructive tests, i.e., ultrasonic pulse velocity (UPV) and rebound 
hammer (RH), to facilitate the prediction of concretes’ hardened properties and salt-
scaling resistance. Ultimately, the contributions of each of the investigated factors on 
concretes’ hardened properties and salt scaling resistance were statistically investigated 
and corresponding multivariate-regression models were developed.  
The collection of mixture variables included water-to-cementitious materials 
(w/cm) ratio, paste volume, slag cement, and air content. Concrete performance was 
mainly investigated through tests of abrasion resistance, sorptivity, compressive strength, 
xviii 
 
and salt scaling. Shrinkage and freeze-thaw resistance of the concrete mixtures were also 
tested to evaluate the effects of paste volume on concrete’s hardened properties.  Finally, 
research continues toward assessing the correlation between cement chemistry and salt-
scaling damage.  
 
1 
 
 
 
CHAPTER 1.   !INTRODUCTION 
1.1. Problem Statement  
In cold climate regions, snow and ice on pavement surfaces are among major concerns 
that may cause infrastructure deterioration, damage to concrete pavement, and negative 
environmental impact through the use of deicing salts. Damage caused by de-icing salts, known 
as salt scaling, makes a major contribution toward repair costs related to transportation 
infrastructure. Such damage consists of the removal of small chips or flakes of material at the 
exposed surfaces of concrete elements. To increase the service life of slabs on grade and reduce 
potential damage caused by salt scaling, it is necessary to know the characteristics of salt scaling 
and to understand parameters that could be used to control such damage. However, despite 
extensive studies, many details regarding salt scaling are still not fully understood, and 
contradictions within the literature can be misleading.  While it has been generally reported that 
air entrainment is the most important factor in reducing salt frost scaling damage [1–6], there are 
studies reporting only a minimal relationship between air entraining and salt-scaling damage of 
concrete [7] and the underlying mechanisms of the benefits of air do not correlate with proposed 
failure mechanisms; other factors such as mixture components and workmanship have also been 
underestimated/understudied. 
This reflects a need for new studies vital to the development of more durable materials, in 
particular with respect to salt scaling, and more accurate service-life prediction models. Such 
studies must provide more insight about this phenomenon and more satisfactorily quantify the 
relationship between the aforementioned parameters and salt scaling.  
  
2 
 
 
 
1.2. Objectives 
The main objective of this research can be divided into two phases; 1) to conduct a 
laboratory study investigating the correlation between the air-void system (e.g. spacing factor, 
specific surface, and air content) and salt-scaling damage of concrete subjected to freezing and 
thawing cycles in the presence of de-icing salt, and 2) to study parameters, including finishing 
and curing, related to improvement in concrete salt-scaling resistance. 
To accomplish these main objectives, the project proposed the following sub-objectives: 
-! Investigating the effect of mix design. 
-! Predicting concrete performance (scaling, in particular) through combined use of rebound 
hammer and ultrasonic pulse velocity testing. 
-! Studying the effect of paste-to-void volume ratio (Vp/Vv) ratio on concrete mechanical 
properties and durability.  
-! Quantifying the relationship between abrasion resistance and salt-scaling damage. 
1.3. Benefits and Potential Applications of Research Results 
This proposed research relates to Portland Cement Association (PCA) needs for (1) 
improving understanding of underlying mechanisms of durability-related deterioration in 
pavements; (2) improving understanding of methods for extending pavement life – mixture 
ingredients, sealants, and repair systems; and (3) implementing tools and specifications that will 
increase concrete pavement longevity. To this end, this dissertation directly addresses the 
difficulty in relating salt-scaling damage to concrete characteristics using known practical 
methods. It will also attempt to enhance the current knowledge regarding salt scaling and ways to 
improve concrete durability with respect to this type of damage. 
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1.4. Dissertation Organization 
This dissertation, written in the alternative journal paper format, is divided into nine 
chapters organized as follows: 
Chapter 1 presents general background, research objectives and approach, potential 
applications of research results, and dissertation organization. 
Chapter 2 presents the 1st journal article: “Air Entrainment and Salt-Scaling Resistance 
of Concrete; A Critical Review”, that summarizes research conducted over the past few decades 
related to the mechanism of salt scaling, the most important factors affecting scaling resistance 
of concrete, the role of entrained air, and how the air-void system influences salt-scaling 
resistance of concrete, with the aim of providing new insight into this topic by presenting an 
overview of previous work.  
Chapter 3 presents the 2nd journal article: “Linking Air-Void System and Mechanical 
Properties to Salt-Scaling Resistance of Concrete Containing Slag Cement”, focused on 
correlating salt-scaling resistance to hardened properties and salt-scaling performance of 
concrete made with various water-to-cement ratios (w/cm), slag cement, and air contents.  
Chapter 4 presents the 3rd journal article: “Effect of Finishing Practices on Surface 
Structure and Salt-Scaling Resistance of Concrete”, investigating the impact of three different 
finishing times on the surface layer properties of concrete containing different contents of slag 
cement. This article also proposes a novel method for monitoring the bleeding period of fresh 
concrete. 
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Chapter 5 presents the 4th journal article: “Effect of Curing Regimes on Mechanical 
Performance and Salt-Scaling Resistance of Concrete Containing Slag Cement”, evaluating 
the impact of seven different curing regimes on concrete performance, and attempting to 
correlate mechanical performance with salt-scaling resistance of concrete.  
Chapter 6 presents the 5th journal article: “Development of Prediction Models for 
Mechanical Properties and Durability of Concrete Using Combined Non-Destructive Tests”, 
describing use of statistical analyses, and proposing statistical univariate and multivariable 
regression models to predict compressive strength, abrasion, and salt-scaling behavior of 
concrete using UPV and rebound hammer measurements. In addition, through a k-means 
clustering algorithm, this article provides a salt-scaling quality classification table based on 
rebound number. 
Chapter 7 presents the 6th journal article: “Effect of Mixture Proportioning, Curing, and 
Finishing on Concrete Surface Hardness”, aiming at correlating surface hardness to concrete 
hardened properties as well as investigating factors that influence concrete performance with 
respect to its surface-abrasion resistance (hardness)., with special interest given to the 
relationship between surface hardness and concrete salt-scaling performance. This article also 
provides a salt scaling quality classification table based on abrasion mass-loss values. 
Chapter 8 presents the 7th paper: “A Summary of Factors Affecting Salt-Scaling 
Resistance of Concrete”. This article compiles results from Chapters 3-5, and employs 
multivariate regression analyses to model the effect of mixture parameters on concrete hardened 
properties and salt-scaling performance. It also attempts to statistically correlate hardened 
properties to salt scaling resistance of concrete. 
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Chapter 9 summarizes the research work accomplished in this dissertation, describes the 
contributions of this study, and makes recommendations for future research.  
Appendix A presents the last journal article: “Toward Performance Based Design and 
Sustainability; Effect of Mixture Proportion on Concrete Performance”. This article investigates 
the relationships among paste ingredients for achieving an optimum paste-to-void volume ratio 
and also evaluates the effect of mixture proportion characteristics, including slag-cement 
replacement, air-content, water-to-cementitious material ratio (w/cm), and paste volume on 
concrete performance. 
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CHAPTER 2.   !AIR ENTRAINMENT AND SALT-SCALING RESISTANCE OF 
CONCRETE; A CRITICAL REVIEW 
A journal paper submitted to Journal of Cement and Concrete Composites 
Kamran Amini1, Halil Ceylan2, Peter Taylor P.E3  
 
2.1. Abstract 
The literature reveals that salt scaling has been the subject of considerable research. 
While several theories have been developed to interpret the mechanism of this type of damage, 
there is no general agreement on the causes of salt scaling. Understanding is also limited with 
respect to the most important factors that affect the resistance of concrete to scaling damage, 
such as air void system, surface hardness, water to cement ratio (w/c), and workmanship i.e., 
finishing and curing.  
This paper aims to provide insight into this topic by presenting an overview of previous 
work related to the mechanism of salt scaling, the most important factors that affect the scaling 
resistance of concrete, the role of entrained air, and how the air-void system influences the 
resistance of concrete to salt scaling. 
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Keyword: salt scaling, mechanism, air-void system, hardened properties, finishing, and curing.  
2.2. Introduction 
Over the past few decades many studies have been conducted to investigate the impact of 
deicers on concrete, with most of them including the effects of freeze-thaw (F-T) and wet-dry 
(W-D) cycling. F-T cycling magnifies the physical effects of deicers while W-D cycling allows 
chemical effects to be studied without letting the effects of frost action interfere with the results. 
Although the chemical effects of deicers can be significant, concrete deterioration mechanisms 
are influenced by deicers result from physical actions [1]. 
The combination of F-T cycles and de-icing salts in cold climate regions is a significant 
contributor to maintenance costs of the transportation infrastructure [2]. For example, a foreign 
object debris (FOD) accident caused by flakes produced by salt scaling could become a major 
airport disaster. Unlike freezing and thawing, salt scaling does not threaten the overall 
mechanical properties of concrete because the damage involves removal of flakes of material 
only at the exposed concrete surface [3–6]. Salt scaling can, however, accelerate the ingress of 
moisture and aggressive species into the surface and jeopardize a concrete structure’s durability.  
To increase the service life of slabs on grade and reduce potential damage caused by salt 
scaling, it is necessary to know the characteristics of salt scaling and to understand parameters 
that can be used to control such damage. However, despite extensive studies, many details 
regarding salt scaling are still not fully understood. While, there have been several theories 
proposed by different researchers during the past decades, there is still no general agreement 
about the main mechanism of salt scaling and no single theory has so far been able to account for 
the whole spectrum of laboratory and field observations. 
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It has been generally reported that air entrainment is the most important factor in 
reducing salt frost scaling damage [6–11]. However, there are studies reporting a poor 
relationship between air entraining and salt scaling damage of concrete [12] and the underlying 
mechanisms behind the benefits of air do not correlate with the proposed failure mechanisms.  
There are various testing methods for evaluating salt-scaling resistance in concrete 
mixtures. A short discussion of the most commonly used methods (SS 13 72 44, CDF, MTO LS-
412, CEN/TS 12390-9:2016, and ASTM C672) is given in section 2 of this paper. Several 
reviews have been conducted to gain a comprehensive view of the state of research in this field 
[1,13–22]. Section 3 briefly reviews existing theories accounting for the effects of air entraining 
on characteristics of salt scaling. Finally, section 4, reviews these studies and investigates the 
factors affecting the resistance of concrete to salt scaling damage. Of special interest is the 
correlation between air-void system and salt scaling. 
2.3. Test Methods 
There are several methods for evaluating the salt scaling resistance of concrete, the most 
common being the North American standard ASTM C672 test method, the RILEM TC 117-
FDC/CDF test method developed in Germany, the Swedish Standard SS 13 72 44 or Borås test 
method, British standard CEN/TS 12390-9:2016 test method, Canadian standards the MTO LS-
412 and the BNQ NQ 2621-900 test method used in Ontario and Quebec, respectively. 
In most test methods, a concrete specimen is subjected to a salt solution on a single 
surface and the specimen is then repeatedly frozen and thawed. However, methodologies vary 
among different test methods resulting in variation of results obtained by different test methods. 
Another issue with these standard test methods is the unacceptable variation of results with a 
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given method possibly due to a lack of clear outline of the procedure. This results in a poor 
control of specimen handling and temperature cycling during the test [23].  
Although all test methods share the common intention of simulating concrete in real use, 
their accuracy for predicting salt-scaling performance of concrete may significantly vary, and 
whether the test methods presently used meet this intent is an often-discussed topic. In addition, 
the heterogeneity of concrete, particularly at its surface, can contribute to some inherent 
variability. This has become especially evident with the use of supplementary cementitios 
materials (SCMs) to replace a portion of the portland cement content in concrete mix designs 
[24]. Unfortunately, there have been only few studies [21,25,26] on the variability to be expected 
due to differences in the test methods. In addition, the current knowledge about these differences 
has often been disregarded.  
Vassilev [25] has provided a comprehensive review on the reliability and effectiveness of 
these methods putting ASTM C672 at the top of the list with respect to the number of 
deficiencies in its procedure, while Borås SS 13 72 44 appears to be the most comprehensive 
testing procedure. His comparison of different test methods indicates that the poor performance 
of the ASTM C672, BNQ, and MTO LS-412 in predicting the deicer scaling resistance of 
concretes in the field may be due to lack of proper curing length. 
Therefore, another round of studies might be crucial to enhance the current knowledge 
about the factors that influence the salt-scaling resistance of concrete, as well as, the variation of 
the results. 
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2.4. Physical Effects of Salts 
Freezing and thawing has attracted more attention than salt attack. Owing to the work by 
Powers [19], Pigeon [27], Hasholt [28], Litvan [29], and many other researchers, there is a good 
understanding of freeze-thaw damage, but a similar statement cannot be made regarding salt 
based deterioration, because of its more complex physical and chemical behavior [30]. Although 
the chemical effects of deicers can be significant, most concrete deterioration induced by deicers 
are primarily a result of physical actions. However, by increasing the use calcium chloride 
(CaCl) and magnesium chloride (MgCl) as deicing salts, the damage caused by chemical 
interactions is gaining more attention. 
There are a number of physical observations that cannot be explained by a single theory 
[17]. Some of these observations are; the damage is maximum when the water contains a 
moderate amount of solute (pessimum concentration), entrained air reduces damage, and damage 
increases when the minimum temperature in the cycle is reduced. Many theories have been 
offered by different researchers [13,31] to explain some of these observations, but none of the 
proposed theories is able to account for all of them. The next section briefly reviews the most 
common theories offered to explain how salt scaling occurs, and attempts to provide better 
insight regarding the mechanism. 
2.4.1.! Efﬂorescence 
Efﬂorescence is a wetting and drying related problem that occurs at temperatures above 
freezing. It is generally a result of diffusion, capillary suction and osmosis pressure causing brine 
to move through concrete pores toward the surface [32]. The forces at work that may cause 
efﬂorescence are diffusion vapor pressure (0.002 to 0.003 MPa), capillary action (2.1 to 3.5 
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MPa), and osmosis pressure (21.5 to 34.5 MPa) [33]. When the brine reaches the surface, the 
water evaporates and leaves a salt deposit on the surface of concrete. At the beginning of the 
efflorescence process, moisture moves within the concrete through diffusion, and to achieve 
equilibrium of the salt solution, the accumulated salts on the surface attract water. By increasing 
salt growth on the surface, the attraction forces increase, and eventually the increase in salt 
concentration creates an imbalance that results in osmosis. With continuous wetting and drying 
cycles, salts are left at and near the surface. When the dry salts remaining near the surface 
achieve a critical concentration, wetting may cause them to expand and contribute to superficial 
damage. 
2.4.2.! Salt Crystallization Pressure  
Nucleation and growth of salt crystals in concrete can exert substantial tensile stress at 
the surface of concrete [34–37]. The crystallization of solids in a solute is a function of the phase 
transition, which in turn depends on the salt concentration and temperature at any given time. If a 
given deicer is primarily comprised of one chemical (e.g. sodium chloride, magnesium chloride, 
and calcium magnesium acetate), its phase diagrams can be used to gain insight into the 
performance of the deicer. However, as the primary chemical percentage is reduced, there will be 
a stage at which the phase diagram for the primary chemical is no longer sufficiently 
representative enough to be used [38].  Phase diagrams are also typically presented for pure, two 
ingredient, systems and may be significantly affected by the presence of contaminants. 
The NaCl phase diagram in  
Figure 2-1 shows that salt lowers the water phase transition temperature. In other words, 
the higher the salt concentration, the lower the temperature must be so that the water crystalizes 
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into ice. Salt crystallization for a salt concentration lower than 23.3%, requires a temperature as 
low as -21.1oC, while for a salt concentration above 23.3%, crystallization can occur at higher 
temperatures.  
Although the phase diagram shown in  
Figure 2-1 provides an insight regarding the sodium chloride crystallization, it should be 
noted that the salt nucleation process in cement-based porous materials is heterogeneous [39], 
which depends on the temperature, concentration, the nature of the substrate, contact surface, and 
the number of nucleation sites [40,41], where variation in each of them changes the 
corresponding phase diagram. Therefore, salt crystallization is not necessarily a cold climate 
phenomenon and depending on the boundary conditions, such as type of deicing salt, it may 
occur even at above freezing temperatures. For example, sodium sulfate can create significant 
damage at temperatures ~20°C caused by crystallization [44,45].  
 
Figure 2-1. Phase diagram for sodium chloride and water [38] 
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Figure 2-2. Crystallization of Mirabilite by evaporation [1] 
Thaulow and Sahu [1] showed that, while a state of saturation is essential for any 
nucleation, crystal growth may only create enough pressure to disrupt the matrix from a 
supersaturated condition. When nucleation takes place and the solute crystallizes out of its 
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supersaturated solution, the released potential energy provides internal pressure [34]. An 
example of this is the crystallization of sodium sulfate. Mirabilite and thenardite are products of 
sodium sulfate subjected to cyclic wetting and drying. A rapid temperature drop, a subsequent 
increase in relative humidity, and evaporation of liquid are factors causing crystallization. Figure 
2-2 shows an example of Mirabilite crystallization due to liquid evaporation. This crystal growth 
has been shown to be capable of producing stresses above 11 MPa [1,42,43]. 
Comparing the crystallization mechanisms of sodium chloride and sodium sulfate 
clarifies the essential role of deicer type in activating the mechanism/s causing salt scaling. For 
example, when NaCl is used as the solute, the theory of salt crystallization is not expected to be 
applicable unless the temperature drops below the eutectic at -21.1oC. However, it is worth 
noting that if the concentration of the accumulated salt beneath the surface layer of the pavement 
becomes greater than 23.3%, salt crystallization can occur at higher temperatures. On the other 
hand, in the case of sodium sulfate, at low relative humidity (i.e., high evaporation rate 
conditions) thenardite precipitates directly from solution, and causing significant damage at 
temperatures ~20°C [44,45]. Therefore, when sodium sulfate is considered, salt crystallization 
might be the dominant mechanism responsible for scaling. 
Finally, if salt crystallization is a concern, air voids may protect the system by providing 
locations, in which crystals can grow without exerting stress on the paste. This is in some ways 
similar to the protective mechanism of air-voids against F-T cycles.  
2.4.3.! Thermal Shock  
When the freezing temperature is reduced to below the temperature of ice by changing 
system chemistry, the ice begins to melt and the energy necessary to cause this thawing is 
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withdrawn from the surface of the concrete. This results in fast cooling of the surface of 
concrete, forming a thermal gradient on the surface that may result in thermal shock.  
Thermal shock may cause differential stress within the concrete [36,46], and lead to 
microcracking and eventually to more severe surface damage. Rösli and Harnik [47] investigated 
the resistance of concrete to salt scaling.  According to their determination of internal tensile 
stresses in thermal shock experiments, stresses in concrete may reach the tensile strength of 
concrete when the ice becomes 0.5 mm thick if salt concentrations are high. Since this is not a 
common situation, it can be concluded that although thermal cracking may be a potential 
mechanism, it is not a significant contributor to salt scaling damage.  
2.4.4.! Osmotic Pressure 
When ice is formed in concrete pores, the solute is not incorporated into the ice, so the 
liquid adjacent to the ice is enriched in solute relative to the bulk of the solution, so there is a 
tendency for water to diffuse toward the zone of high concentration (i.e., toward the ice/water 
interface), causing the fluid pressure to rise. In principle, this osmotic pressure (∆Π) could raise 
the pressure [49]. In this case (Eq. 1), the osmotic pressure is determined by the difference in 
mole fraction of solvent (x) between the ice/solution interface and that of the pore liquid far from 
the ice (x∞).  
∆Π = &Π& ' − &Π& ∞ = & *+,- ln( 112)  ............................................................................................ (1) 
where, R= 8.314 J/mol K is the ideal gas constant, and 45 is the partial molar volume of 
water. Figure 2-3 shows an example of osmotic pressure caused by solutions containing various 
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amounts of NaCl. According to the figure, this potential stress increase exceeds the concrete 
tensile strength when the salt concentration varies by ~ 14% [13].  
 
Figure 2-3. Osmotic pressure calculated using Eq. (1). The stress in a pore wall from this 
pressure will exceed the tensile strength of cement when the concentration of salt differs by ∼14% [13]. 
2.4.5.! Glue Spalling 
Glue spalling is a technique used to make shallow scallops in decorative glass. It was first 
advanced as the principal underlying mechanism for salt scaling by Valenza and Scherer [12, 16, 
20]. Based on this mechanism, the shrinkage of the ice/brine layer is the main reason for salt 
scaling. The exerted tensile stress caused by the shrinkage of ice/brine layer exceeds the tensile 
strength of ice and breaks the ice at pessimum concentration (1–3%), triggering reflective surface 
scaling in the concrete. In general, the study of the glue-spall theory has shown that scaling may 
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occur because of cracking of the ice layer at the concrete surface and subsequent tensile stress 
generated in the surface layer.  
Çopuroğlu and Schlangen [50] attempted to simulate salt scaling on the basis of the glue-
spalling theory (Figure 2-4), and their results confirm that the shrinkage of the cooling ice layer 
cracks and introduces stresses in the material that leads to scaling. A similar conclusion has been 
drawn by other researchers [7].  
 
Figure 2-4. Simulation of salt frost scaling [50] 
2.4.6.! Cryogenic Suction Mechanism 
Cryogenic suction is another mechanism recently proposed by Liu and Hansen [51]. As 
can be seen in Figure 2-5, this mechanism includes three core components. The initial amount of 
ice forming in capillary pores (I) is a driver to generation of cryogenic suction. The presence of 
moving unfrozen moisture (II) guarantees continuous ice growth, and both the rate of capillary 
suction and the amount of freezable water (or initial ice nucleation) are controlled by the 
capillary pore system (III).  
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Figure 2-5. Schematic representation of cryogenic suction mechanism [51] 
 
According to the cryogenic suction studies, the air-void system is not a strong factor in 
producing the salt scaling resistance of concrete.  
2.4.7.! Summary of Mechanisms 
As documented above, although several mechanisms for explaining the impact of deicers 
on concrete have been proposed over the past few decades, no single mechanism is known to be 
totally responsible for such damage by itself. Therefore, the phenomenon of salt scaling is likely 
a result of a combination of all or some of the proposed hypotheses. In addition, there might be 
facts still missing in these theories regarding the overall mechanism of salt scaling. 
One rational way to think is that the exerted tensile stress due to shrinkage of ice 
generates micro-cracks on the surface of concrete through the glue spalling mechanism and 
connects the capillary pores to the surface. This simplifies the capillary transport of external 
liquid into concrete pores during both the pre-saturation and F–T stages. This in turns creates a 
favorable situation for forming sufficient ice and ice growth, a proposed major scaling 
mechanism governed by cryogenic suction of surface liquid under freezing. Eventually, 
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depending on the type of the deicer used, the temperature, and the solute concentration, osmosis 
mechanism may/may not contribute to scaling damage.  
2.5. Factors Affecting Salt-Scaling Resistance 
2.5.1.! Impact of Entrained Air 
The relationship between entrained air and salt-scaling resistance of concrete is complex 
and subject to debate among researchers. Some studies indicate that, although an adequate air-
void system is essential for resistance of concrete to salt scaling in the field, it does not provide a 
sound predictor in laboratory tests where the surface of the concrete is kept in continuous contact 
with a salt solution  [31,52–56]. For example, Liu and Hansen [31] investigated the correlation 
between an air-void system and salt scaling through mixes with total air content ranging from 
3.0% to 9.3% and spacing factors from 60 to 190 µm, much less than the minimum critical 
spacing factor for freeze-thaw resistance (200-250 µm). They showed that, for a concrete with 
the same water-to-binder (w/b) ratio or cement content, varying air content does not affect 
scaling performance. Figure 2-6a and b show the effect of air content on the mass loss and 
sorptivity of the concrete, assigning credit to the cryogenic suction mechanism. Panesar and 
Chidiac [56] performed a multivariable statistical analysis for scaling resistance of concrete 
containing ground granulated blast furnace slag (GGBFS). Their results indicated that entraining 
air is not a controlling variable for the scaling resistance of the surface, as can be seen in Figure 
2-7. They also showed that the type of de-icing salt used affects the surface scaling. Similar 
results have been obtained by other researchers [3]. 
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Figure 2-6. Effect of air content on scaling resistance and capillary transport rate [31] 
 
Figure 2-7. Influence of entrained air content on the finished and formed surface [56] 
On the other hand, many researchers agree that proper air entraining is the key parameter 
in minimizing the physical effects of deicers [57–66]. One well-known example of this 
relationship is shown in Figure 2-8. The results obtained by Wang, et al., [58] provides an 
example of the promising effect of entraining air for controlling salt-frost scaling of concrete 
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(Figure 2-9). Their results also show that an air content higher than 4% does not result in tangible 
improvements, so an air content of ~3.8% would be optimum.   
 
Figure 2-8. Relationship between salt frost scaling and entrained air [59] 
22 
 
 
 
 
Figure 2-9. Effect of air content on the salt scaling of concrete [58] 
Several industry documents [67,68] provide tables of the required “total air content” to 
secure the durability of concrete with respect to salt-frost scaling. However, it is now recognized 
that “total air content” by itself is not a good measure of an air-void system and does not 
necessarily guarantee a suitable scaling resistance concrete. Figure 2-10 shows an example of 
two air-entrained concretes having identical total air contents of ~5.5%, but different air-void 
systems. As can be seen in the figure, the left concrete sample clearly has coarser air bubbles, 
and therefore, a higher spacing factor than the other sample. The spacing factor, first developed 
by Powers [69], has been used by many researchers as a parameter in improving the resistance of 
concrete to and salt scaling. It has been shown that, for spacing factors below 250–300 µm, the 
scaling resistance is satisfactory independent of concrete type [57,58,60–62].  
Pigeon et al. [70] investigated the relationship between the microstructure of the surface 
layer and the salt-scaling resistance of concrete. According to their results, for a given air 
content, the smaller the spacing factor, the higher the resistance of concrete to salt scaling would 
be. Similar results are reported by Bordeleau et al [71]. They reported that the correlation 
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between entrained air and salt scaling is relative to the spacing factor [71]. The relationship 
between spacing factor and salt scaling may be explained by the fact that in presence of freeze-
thaw (F-T) cycles, a concrete mixture with a bigger spacing factor or coarser air bubbles is more 
susceptible to frost damage [16], which facilitates the transport of salt solute into the concrete, 
and increases the salt-scaling damage potential. 
Therefore, despite air entrainment, the left concrete is likely to have lower resistance to 
F-T cycles and consequently more susceptibility to salt scaling than the right one. On the other 
hand, Marianne [72] applied statistical methods to predict the durability of concrete and pointed 
to total air content (A) and specific surface area (S) as the most relevant parameters for 
controlling scaling damage, not the spacing factor. In another statistical study, the results 
obtained by Hashlot and Clemmesnsen [73] point to a combination of the two, i.e., S·A, the total 
air void surface area. Results obtained by Hooton et al. [24] shows that although achieving an air 
entrainment of 6 to 7% and a good spacing factor (< 250 µm) may reduce salt scaling, but does 
not guarantee satisfactory scaling performance. Moreover, Fagerlund [74] tested a large number 
of concretes (about 600 specimens) to investigate the relationship between spacing factor and 
salt scaling. Their results indicated complexity to identify a general value for critical spacing 
factor. Recent studies by Amini et. al [75,76], show a complex relationship between air-void 
system and salt-scaling performance of concrete. Their results suggest that regardless of spacing 
factor, ~3-6% of air content can reduce the damage, most likely due to bleeding-reducing effect 
of using air entrainment. In addition, their results reveal that a concrete with spacing factor 
within the specified limit can still suffer from severe scaling (a mass loss of ~4000 gr/m2), when 
concrete contains more than ~6% of air.  
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This lack of general agreement suggests that the relationship between scaling and air-void 
system is relative and depends on other factors. These factors are discussed in the following 
sections. 
 
Figure 2-10. Example of two concretes having air entrainment and identical total air contents [22] 
2.5.2.! Impact of Supplementary Cementitious Materials 
Growing use of supplementary cementitious materials (SCMs) to improve concrete fresh 
and hardened properties as well as to reduce the impact of portland cement on environment has 
led to the need for new studies to complete the required knowledge about these materials. The 
physical effect of different of SCMs such as slag, fly ash, and silica fume has been the subject of 
considerable research [7,30,56,70,77]. Of interest to this work is slag cement (ground granulated 
blast furnace slag), which because of many advantages it can deliver, is commonly used in 
concrete as a cement replacement. However, there are concerns about lower resistance of slag-
cement concrete to salt scaling [78–81]. Conventional wisdom suggests that this lower scaling 
resistance is attributed to lower rate of hydration of such concrete that consequently results in 
weaker surface properties at early ages [3,21,24,82,83]. However, in a study carried out by 
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Amini et. al [75], it is shown that slag-cement replacement can lead to improved mechanical 
properties, while resulting in lower salt-scaling resistance, as shown in Figure 2-11.  
 
(a) 
 
  (b) 
Figure 2-11. Relationship between salt scaling and (a) sorptivity, (b) abrasion of concrete 
specimens made with w/cm of 0.55 and various slag and air contents [75] 
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Similar results are reported by Giergiczny et. al. [3] (Figure 2-12), where it can be 
observed that increasing slag content from 35 to 57% has resulted in ~8 MPa higher strength and 
1% lower water absorption, while resulted in ~60% higher scaling. This suggests that higher salt-
scaling mass loss of specimens containing slag may be more of a chemical-reaction consequence 
than a physical issue caused by slag-cement replacement. Among other factors, greater scaling of 
slag-cement concrete, while exhibiting improved mechanical properties, may be attributed to 
carbonation of the surface layer of concrete. Stark and Ludwig [84], suggested that this can be 
due to re-crystallization of calcium carbonate at the surface layer in metastable forms (aragonite 
and vaterite) that are soluble in NaCl. In another study [85] they found that after de-icing salt 
reactions only a weakly crystallized calcite exists.  
 
Figure 2-12. Relationship of salt scaling with compressive strength and water absorption of 
mixtures made with different slag replacement [3] 
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2.5.3.! Impact of Hardened Properties 
Sahin, et al., [57] attempted to determine the most important factors affecting the salt-
scaling resistance of concrete. Based on their results, air entrainment is the key factor in 
controlling the scaling resistance of concrete, followed by curing condition, w/c, and cement 
content, respectively (Figure 2-13).  
 
Figure 2-13. Effect of different parameters on the performance statistic [57], where w/c: water-
to-cement ratio, C: cement content, AEA: air-entraining agent (%), CC: curing conditions (w-in 
water, A-in air, and S-covered with plastic sheets), and SFT: second finishing treatment. 
Glinicki and Zielinski [86] investigated salt-scaling resistance of concrete containing 
circulating fluidized bed combustion (CFBC) fly ash, with air-void system characteristics that 
included a total air content ranging from 5.26% to 7.08% and spacing factors ranging from 0.13 
to 0.23 mm. In addition, a depth sensing indentation (DSI) system was used in their study as a 
measure of specimens’ surface hardness. Their observations confirm the significance of both 
surface hardness and the air-void system in concrete with respect to salt-scaling resistance, 
showing a greater dependence on surface hardness than on air entrainment. Results obtained by 
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Tremblay, et al., [53], showed that study air entrainment was more significant rather than surface 
hardness. Depth sensing indentation and Schmidt hammer are the only tests used to evaluate the 
surface hardness of the concrete, with the Schmidt hammer technique being more common [87].   
The contrast between the two latter discussed studies can be attributed to the effects of 
mixture proportions, finishing, and curing on the salt-scaling resistance of concrete. Another 
explanation can be attributed to the correlation between surface hardness, the air-void system, 
and salt scaling. In other words, an adequate air entrainment can contribute to improved scaling 
resistance of concrete by preventing bleeding and providing denser surface [53]. Research shows 
that there is a direct relationship between the volume fraction of entrained air and the bleeding of 
the cement paste [88,89], so it can be concluded that the lower the spacing factor, the less 
bleeding will appear on the surface, resulting in higher surface hardness and more resistivity to 
the salt scaling. The deleterious effect of bleeding on scaling resistance of concrete has been 
investigated by Janeva [90], who conducted salt-scaling experiments on the bottom molded 
surface. His results indicated that bottom surfaces are more resistant than the top surfaces. On the 
other hand, it should not be neglected that the surface hardness is also significantly affected by 
w/cm and degree of hydration that also affect strength. Moreover, increasing air may be 
perceived to reduce hardness along with concrete strength. Therefore, a balance should be 
specified for incorporation of AEA so that not only helps to prevent bleeding, but also does not 
reduce the hardness of the concrete significantly. Similar conclusion has been proposed by 
Amini et. al. [75], shown in Figure 2-11. 
Studies have also shown that there is a direct relationship between shrinkage and 
bleeding of the concrete [91–94]. Amini et al. [94] showed that mixtures with higher bleeding 
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potential, are more prone to shrink, and shrinkage leads to an increase in tensile stress, in turn 
leading to cracking, internal warping, and external deflection. Such effects promote the ingress 
of moisture and hazardous chemicals into the concrete, leading to a concrete being more 
susceptible to salt scaling.  
Sorptivity, or capillary suction, has been reported in several studies [95–97] as the 
dominant factor controlling the scaling resistance of concrete. Liu and Hansen [98] investigated 
the freezing characteristics of air-entrained concrete in the presence of de-icing salt. According 
to their results, salt scaling is mostly governed by paste sorptivity (Figure 2-14). Sorptivity is 
known as a major unsaturated transport mechanism in porous media [99], and a tool for 
predicting concrete potential durability [100,101]. 
 
Figure 2-14. Cumulative mass loss vs. sorptivity of air-entrained concretes [98], where, for 
example, 045-0S-28d presents mixtures made with w/c of 0.45, 0% slag and 28 days old 
2.5.4.! Summary of Phenomenology 
Based on the findings in this study, the three variables, viz., air content, surface hardness, 
and sorptivity appear to be the most important properties correlating with salt-scaling resistance 
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of concrete. In other words, variation in air content influence the salt-scaling resistance through 
affecting the sorptivity and surface hardness of the concrete. Figure 2-15 is developed to 
schematically demonstrate the complex relationship between these factors. It can be seen in the 
figure that salt-scaling mass loss is a compound effect of surface hardness and sorptivity, where 
increase and decrease in sorptivity and surface hardness, respectively, result in higher salt-
scaling mass loss. In addition, incorporation of enough air entrainment can improve surface 
hardness by reducing the risk of bleeding, resulting in lower salt scaling. Based on the recent 
studies conducted by Amini et. al [75], this “enough air entrainment” is referred to ~3-6% of air 
content. Moreover, although entrained air contributes to lower bleeding, it simultaneously 
reduces the hardness of concrete. Therefore, it is likely that this disadvantage of air entrainment 
governs its beneficial effects when concrete contains more than 6% air content. 
Higher sorptivity with increasing air content may be explained by the results reported by 
Hall [100]. It has been shown that increasing water content influence the sorptivity of concrete 
by generating more connected capillary pores [100]. Therefore, it is possible that at higher w/cm, 
increasing the air content compounds with the capillaries and increases the interconnectivity of 
the porous system resulting in higher sorptivity.  
Lower scaling-mass-loss and higher surface hardness at ~3-6% air content implies the 
more dominant effect of surface hardness than sorptivity on the scaling resistance of concrete. 
It can therefore be concluded that the relationship between air-void system and salt 
scaling is relative. Either a lack or a high dosage of air entraining would result in a poor air-void 
system, which consequently affect surface hardness and sorptivity of the concrete. It should also 
be noted that air entraining by itself does not guarantee an adequate air-void system in the 
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concrete. There are many factors such as mixing, chemical reactions of the binders, and finishing 
that significantly influence the air-void system. These factors are comprehensively studied in the 
literature [16,102–104].  
 
Figure 2-15. Schematic illustration of relationship between salt scaling, surface hardness, 
sorptivity, and air content 
 
2.5.5.! Impact of workmanship 
2.5.5.1. Finishing 
Inadequate finishing not only affects surface properties, but also accelerates the ingress of 
aggressive elements like deicing salt into the concrete [12,105,106]. The term “inadequate 
finishing” can be described as not giving sufficient attention to the impact of finishing efforts, 
timing, and tools. For example, excessive finishing effort can compromise the near-surface air-
void system [107,108]. Alternatively, early finishing may cause water to be trapped below the 
surface, building in a weak layer.  
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Despite the great importance of finishing with respect to salt scaling resistance, there are 
only few publications addressing this issue [106,109,110]. Thomas [110] pointed out that the 
final finishing described in ASTM C-672 is considered to be one of the shortcomings of this test 
method that can cause operator variability because the end of bleeding is poorly defined.  
Hooton and Boyd [12] studied the effect of several finishing methods on the salt-scaling 
performance of concretes made with 0, 25, 35, and 50% slag replacement. Their results revealed 
that both the finishing procedure and timing have a significant effect on the scaling resistance of 
concrete (Figure 2-16). Similar results were obtained by Taylor et al. [106]. According to their 
results, the proper finishing time is relative to the amount, rate and period of bleeding. This can 
be explained by the fact that by inadequate finishing and timing the bleed water is worked back 
into the surface and results in higher w/cm in the top layer, and/or bleed water trapped below a 
polished surface caused by improper finishing, sets up lenses of weakness on the surface layer, 
which would be readily damaged under F-T cycling.  
 
Figure 2-16. Effect of finishing time and type on salt scaling resistance for mixtures made with 
25% slag replacement [12] 
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In another study Amini et. al [109] evaluated the effect of three different finishing time 
on the scaling performance of concrete specimens containing 0, 20, 40, and 60% slag, with 
results showing that regardless of slag content, specimens that were finished after the bleeding 
stopped performed superior to other finishing timelines. In addition, their results clarify that time 
of finishing contributes to scaling performance of concrete by affecting the abrasion resistance of 
the surface layer (Figure 2-17). This should be noted that according to Figure 2-17, slag-cement 
replacement (up to 40%) improved the abrasion resistance, while the slag-cement specimens 
achieved the lowest salt-scaling resistance. Their results, therefore, confirm that testing the 
mechanical properties and salt scaling of mixtures containing slag as a cement replacement at 28 
days or less can be misleading. A similar relationship between abrasion resistance and salt 
scaling is reported elsewhere [75].  
 
Figure 2-17. Relationship between finishing, abrasion, and salt scaling resistance of the mixtures 
[109] 
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2.5.5.2. Curing 
Inadequate curing not only affects the mechanical properties of concrete, it also leads to a 
more vulnerable surface [111] that will be more pronounced when supplementary cementitious 
materials (SCMs) are used as a cement replacement [79,80,112]. Field and laboratory scaling 
studies performed to study the effect of curing regime on salt-scaling resistance of concrete are 
limited. In particular, there are only few studies reporting the effect of curing using curing 
compound on salt-scaling potential [76,113,114]. Ahani and Nokken [113] evaluated the effect 
of three different curing regimes (i.e., standard 14-day, 3-day curing, and curing compound) on 
the scaling performance concrete mixtures containing only portland cement (OPC), 25% fly ash, 
and 35% slag. According to their results, using curing compound resulted in lower salt-scaling 
resistance of mixtures made with slag and fly ash than that of plain concrete, while when cured 
in accordance with ASTM C 672, slag specimens exhibited better scaling performance than fly 
ash and plain specimens. This is while it has been shown by numerous researchers that 
incorporation of slag cement leads to lower salt-scaling resistance [24,79,115], possibly reflected 
by two main mechanisms; early finishing of slag-cement concretes and inadequate curing. The 
effect of finishing on slag specimens was discussed in section 4.5.1.  
Amini et. al. [76] performed an investigation to study the effect of seven different curing 
regimes (including 28, 7, and 3 days of moist and compound curing) on the salt-scaling potential 
of concrete specimens proportioned with different slag contents. Their results exhibited a great 
variation caused by different curing regimes, implying the importance of curing choice. The 
worst performance in their study was achieved by compound cured samples, followed by those 
experiencing shorter moist curing times. According to their study, the effect of choice of curing 
regime appears to be more significant when considering slag specimens. With respect to slag 
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specimens (up to 40% slag replacement), their results show that proper curing, for example 28 
days of moist curing, results in improved mechanical properties of hardened concrete, i.e., 
compressive strength (Figure 2-18), while causing higher scaling. As discussed earlier, this 
suggests that the effect of slag on concrete salt-scaling resistance is not only physical and 
chemical reactions possibly play an important role in slag specimens scaling. In addition, it can 
be concluded that testing the mechanical properties and salt scaling of mixtures containing slag 
as a cement replacement at 28 days or less can be misleading. 
 
Figure 2-18. Relationship between curing, compressive strength and salt scaling resistance of the 
concrete mixtures [76] 
2.5.6.! Summary of Workmanship 
In general, workmanship, i.e., finishing and curing, appeared to significantly influence 
the resistance of concrete to salt scaling, with the curing regime showing a greater impact. 
According to the results reviewed in this paper, it can be concluded that both finishing and 
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curing influence concrete scaling resistance through affecting its surface hardness and sorptivity, 
with latter governed by the surface hardness.  
2.6. Other factors 
Interfacial transition zone, w/c ratio, and cement chemistry are some other important 
parameters [20,106,116,117]. Because of bleeding in fresh concrete, a water film will normally 
form around the aggregates [118] and the w/cm ratio at the ITZ can become as twice that in bulk 
cement paste [119]. Therefore, by reducing the risk of bleeding, air entrainment may help in 
forming a denser interfacial bonding between the aggregates and paste at the surface, aiding in 
improvement of salt-scaling resistance.  
The water-to-cement ratio (w/c) also has considerable impact on resistance of the 
concrete to salt scaling by influencing the density and strength of the concrete. In particular, 
lowering the w/c reduces the permeability, and the risk of bleeding [117], resulting in higher 
surface density and increased surface hardness [120–123]. Powers [124] showed that concrete 
prepared at a w/c value less than 0.3 can resist salt scaling even without air-entrainment 
[125,126]. Similar results are reported by Amini et. al [75], showing that a w/cm of as low as 
0.35 can significantly reduce the susceptibility of concrete to variation of other factors (i.e., air 
content, sorptivity, and surface hardness), and result in an improved abrasion resistance. 
Although the impact of cement chemistry on the scaling resistance of concrete has only 
been the topic of few studies [127,128], there appears to be an effect which needs to be further 
studied. Taylor [127] studied the effect of three different cement types including low, mid, and 
high alkali and tricalcium aluminate (C3A) contents. His results demonstrated that an increasing 
C3A / alkali content in the cement leads to increased risk of salt-scaling damage. This may be 
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explained by higher chloride binding potential in mixtures made with higher dosage of C3A 
[129–131]. However, more research is needed to study the higher risk of salt-scaling damage 
caused by increasing C3A content. 
2.7. Conclusions 
Salt scaling is a cause of significant repair and maintenance costs, especially in cold 
climate regions. To minimize such potential damage and corresponding repair costs, it is 
necessary to gain a comprehensive understanding about the contributing mechanisms of salt 
scaling and factors that affect the resistance of concrete to this type of scaling. This paper aims to 
provide a better insight into possible mechanisms causing salt scaling damage. Additionally, the 
role of air-void system as a prime factor in controlling the resistance of concrete to salt scaling is 
comprehensively studied. Owing to the research conducted throughout the past decades the 
following conclusions can be highlighted: 
-! Three major mechanisms are identified in the process of salt frost scaling; glue-spalling, 
cryogenic suction and osmosis, where none of them by itself is solely accountable for all 
salt scaling. 
-! The relationship between air-void system and salt scaling is poor, especially in mixtures 
with an excess or deficiency of entrained air. In general, ~3-6% of air content can 
improve, not guarantee, salt-scaling resistance of concrete likely through reducing 
bleeding potential and improving concrete’s surface hardness. Higher than 6% air may 
contribute to lower salt-scaling resistance. 
-! Workmanship, i.e., finishing and curing, was realized as the main tool in controlling the 
scaling resistance of concrete. Finishing was found to affect salt-scaling potential through 
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surface hardness, while curing regime appeared to be accountable for affecting both 
sorptivity and surface hardness, which consequently influence salt-scaling resistance of 
concrete. 
-! Slag cement appeared to improve concrete mechanical properties, while reducing salt-
scaling resistance of concrete. Reviewing the results imply that correlation between slag 
cement and salt-scaling resistance is likely more of a chemical issue than a physical 
problem, which need to be further studied. 
In general, it can be concluded that salt-scaling damage is a consequence of a 
combination of all the reviewed parameters, and none of them by itself is accountable for 
controlling salt-scaling damage. Further research may include investigating the chemical 
reactions between slag cement and de-icing salts, as well as the effect of cement chemistry on the 
salt-scaling resistance of concrete. 
Acknowledgment 
This study is based on work supported in part by the Portland Cement Association (PCA) 
through Education Foundation’s J. P. Gleason Fellowship. The conclusions expressed herein are 
the conclusions of the authors and not necessarily those of the PCA. The authors gratefully 
acknowledge this support. 
References 
[1] N. Thaulow, S. Sahu, Mechanism of concrete deterioration due to salt crystallization, 
Mater. Charact. (2004). 
[2] J. Marchand, E.J. Sellevold, M. Pigeon, Deicer salt scaling deterioration--an overview, 
Spec. Publ. 145 (1994) 1–46. 
39 
 
 
 
[3] Z. Giergiczny, M. Glinicki, Air void system and frost-salt scaling of concrete containing 
slag-blended cement, Constr. Build. Mater. 23 (2009) 2451–2456. 
[4] H. Arnfelt, Damage on concrete pavements by wintertime salt treatment, Statens Vaeginst 
(Sweden). Medd. 66 (1943) 1–28. 
[5] E. Yener, S. Hinislioğlu, The effects of silica fume and fly ash on the scaling resistance 
and flexural strength of pavement concretes, Road Mater. Pavement Des. 12 (2011) 177–
194. 
[6] S. Jacobsen, Scaling and cracking in unsealed freeze/thaw testing of Portland cement and 
silica fume concretes, NTH. (1995). 
[7] A.A. Ramezanianpour, N. Mohsen Jafari, M. Peydayesh, Effect of new composite cement 
containing volcanic ash and limestone on mechanical properties and salt scaling resistance 
of concrete, J. Mater. Civ. Eng. 25 (2012) 1587–1593. 
[8] P. Van den Heede, J. Furniere, N. De Belie, Influence of air entraining agents on deicing 
salt scaling resistance and transport properties of high-volume fly ash concrete, Cem. 
Concr. Compos. 37 (2013) 293–303. 
[9] Y. Kang, W. Hansen, C. Borgnakke, Effect of air-void system on frost expansion of 
highway concrete exposed to deicer salt, Int. J. Pavement Eng. 13 (2012) 259–266. 
[10] M. Snyder, Protective coatings to prevent deterioration of concrete by deicing chemicals, 
NCHRP Rep. (1965). 
[11] A.A. Ramezanianpour, M. Jafari Nadooshan, M. Peydayesh, A.M. Ramezanianpour, 
Effect of entrained air voids on salt scaling resistance of concrete containing a new 
composite cement, KSCE J. Civ. Eng. 18 (2013) 213–219. 
[12] R. Hooton, A. Boyd, Effect of finishing, forming and curing on de-icer salt scaling 
resistance of concretes, Frost Resist. Concr. 34 (2004) 184. 
[13] J. Valenza, G. Scherer, Mechanisms of salt scaling, Mater. Struct. 38 (2005) 479–488. 
[14] E. Sumsion, W. Guthrie, Physical and chemical effects of deicers on concrete pavement: 
literature review, No. UT-13.09. (2013). 
[15] J. Li, J. Cao, W. Xu, Study on the mechanism of concrete destruction under frost action, J. 
Hydraul. Eng. 1 (1999) 41–49. 
[16] L. Du, K. Folliard, Mechanisms of air entrainment in concrete, Cem. Concr. Res. 35 
(2005) 1463–1471. 
40 
 
 
 
[17] S. Lindmark, Mechanisms of salt frost scaling on portland cement-bound materials: 
studies and hypothesis, Ph.D. Thesis (Report TVBN 1017), Lund Inst. Tech., Lund, 
Sweden. (1998). 
[18] J.V. II, G. Scherer, Mechanism for salt scaling of a cementitious surface, Mater. Struct. 40 
(2007) 259–268. 
[19] T. Powers, The mechanism of frost action in concrete, (1965). 
[20] A. Cwirzen, V. Penttala, Aggregate–cement paste transition zone properties affecting the 
salt–frost damage of high-performance concretes, Cem. Concr. Res. 35 (2005) 671–679. 
[21] J. Valenza, G. Scherer, A review of salt scaling: I. Phenomenology, Cem. Concr. Res. 37 
(2007) 1007–1021. 
[22] D. Jana, Concrete scaling–A critical review, Proceeding to 29th Conf. Cem. Microsc. 
(2007). 
[23] E. Sellevold, T. Farstad, Frost/salt-testing of concrete: Effect of test parameters and 
concrete moisture history, Nord. Concr. Res. 1 (1991) 121–138. 
[24] R.D. Hooton, D. Vassilev, Deicer scaling resistance of concrete mixtures containing slag 
cement phase 2: Evaluation of different laboratory scaling test methods, No. InTrans Proj. 
10-374. (2012). 
[25] D.G. Vassilev, Evaluation of Test Methods for De-icer Scaling Resistance of Concrete, 
University of Toronto, 2012. 
[26] D. Hooton, P. Taylor, Deicer Scaling Resistance of Concrete Pavements, Bridge Decks, 
and Other Structures Containing Slag Cement: Phase 2: Evaluation of Different 
Laboratory Scaling Test Methods, 2012. 
[27] M. Pigeon, R. Pleau, Durability of concrete in cold climates, CRC Press, 1995. 
[28] M. Hasholt, Salt frost scaling-interaction of transport mechanisms and ice formation in 
concrete: experimental investigation of water uptake during cyclic freeze/thaw action, 
Danish Technological Institute, 2002. 
[29] G. Litvan, Frost action in cement paste, Mater. Struct. 34 (1973) 1–8. 
[30] O. Copuroglu, Frost salt scaling of cement-based materials with a high slag content, Delft 
Univ. Technol. Netherlands. (2006) 188. 
[31] Z. Liu, W. Hansen, B. Meng, Characterisation of air-void systems in concrete, (2015) 1–9. 
41 
 
 
 
[32] J. Bensted, Efflorescence-prevention is better than cure, Concrete. 30 (2000) 40–41. 
[33] J. Bensted, Efflorescence—A visual problem on buildings, Constr. Repair. 8 (1994) 47–
49. 
[34] S. Chatterji, N. Thaulow, Unambiguous demonstration of destructive crystal growth 
pressure, Cem. Concr. Res. 27 (1997) 811–816. 
[35] W. Hansen, Crystal growth as a source of expansion in Portland cement concrete, Proc. 
ASTM. 63 (1963) 932–945. 
[36] A. Harnik, U. Meier, A. Rösli, Combined influence of freezing and deicing salt on 
concrete: physical aspects, Durab. Build. Mater. Components, ASTM STP 691. (1980) 
474–484. 
[37] C. Correns, Growth and dissolution of crystals under linear pressure, Discuss. Faraday 
Soc. 5 (1949). 
[38] W. Nixon, G. Kochumman, L. Qiu, J. Qiu, J. Xiong, Evaluation of using non-corrosive 
deicing materials and corrosion reducing treatments for deicing salts, No. TR 471. (2007). 
[39] Q. Zeng, K. Li, T. Fen-Chong, Heterogeneous nucleation of ice from supercooled NaCl 
solution confined in porous cement paste, J. Cryst. Growth. 409 (2015) 1–9. 
[40] H.R. Pruppacher, H.R. Pruppacher, A new look at homogeneous ice nucleation in 
supercooled water drops, J. Atmos. Sci. 52 (1995) 1924–1933. 
[41] R. Shaw, A. Durant, Y. Mi, Heterogeneous surface crystallization observed in 
undercooled water, J. Phys. Chem. B. 109 (2005) 9865–9868. 
[42] D.S. John, An unusual case of ground water sulphate attack on concrete, Cem. Concr. Res. 
12 (1982) 633–639. 
[43] R. Flatt, Salt damage in porous materials: how high supersaturations are generated, J. 
Cryst. Growth. 242 (2002) 435–454. 
[44] M. Steiger, S. Asmussen, Crystallization of sodium sulfate phases in porous materials: 
The phase diagram Na2SO4–H2O and the generation of stress, Geochim. Cosmochim. 
Acta. 72 (2008) 4291–4306. 
[45] C. Rodriguez-Navarro, E. Doehne, E. Sebastian, How does sodium sulfate crystallize? 
Implications for the decay and testing of building materials, Cem. Concr. Res. 30 (2000) 
1527–1534. 
42 
 
 
 
[46] T. Ye, Z. Suo, A. Evans, Thin film cracking and the roles of substrate and interface, Int. J. 
Solids Struct. 29 (1992) 2639–2648. 
[47] A. Rösli, A. Harnik, Improving the durability of concrete to freezing and deicing salts, 
Durab. Build. Mater. Components. 691 (1980) 464. 
[48] J. Weissenberger, Sea ice: a cast technique to examine and analyze brine pockets and 
channel structure, Limnol. Oceanogr. 37 (1992) 179–183. 
[49] L. Greenlee, D. Lawler, B. Freeman, Reverse osmosis desalination: water sources, 
technology, and today’s challenges, Water Res. 43 (2009) 2317–2348. 
[50] O. Çopuroğlu, E. Schlangen, Modeling of frost salt scaling, Cem. Concr. Res. 38 (2008) 
27–39. 
[51] Z. Liu, W. Hansen, A Hypothesis for Salt Frost Scaling in Cementitious Materials, J. Adv. 
Concr. Technol. 13 (2015) 403–414. 
[52] O. Peterson, The chemical effects on cement mortar of solutions of calcium magnesium 
acetate and other deicing salts, Rep. TVBM. (1991). 
[53] M. Tremblay, F. Lory, J. Marchand, Ability of the glue spall model to account for the de-
icer salt scaling deterioration of concrete, Proc. 12th Int. Congr. Chem. Cem. (2007). 
[54] M. Setzer, RILEM TC 176 IDC (2001) CIF-Test–Capillary suction, Internal damage and 
Freeze Thaw test–Reference method and alternative methods A and B, Mater. Struct. 34 
(2001) 515–525. 
[55] M. Setzer, Frost resistance of concrete, Taylor Fr. (1997). 
[56] D. Panesar, S. Chidiac, Multi-variable statistical analysis for scaling resistance of concrete 
containing GGBFS, Cem. Concr. Compos. 29 (2007) 39–48. 
[57] R. Şahin, M. Taşdemir, R. Gül, C. Çelik, Determination of the optimum conditions for de-
icing salt scaling resistance of concrete by visual examination and surface scaling, Constr. 
Build. Mater. 24 (2010) 353–360. 
[58] J. Wang, L. Shen, K. Niu, Study on the Salt Scaling Resistance of Pavement Cement 
Concrete, J. Highw. Transp. Res. Dev. (English Ed. 8 (2014) 7–10. 
[59] G. Verbeck, P. Klieger, Studies of’salt’scaling of concrete, Highw. Res. Board Bull. 150 
(1957). 
43 
 
 
 
[60] J. Marchand, R. Pleau, M. Pigeon, Precision of tests for assessment of the deicer salt 
scaling resistance of concrete, Cem. Concr. Aggregates. 18 (1996). 
[61] J. Marchand, R. Pleau, R. Gagné, Deterioration of concrete due to freezing and thawing, 
Mater. Sci. Concr. 4 (1995) 283–354. 
[62] M. Langlois, D. Beaupre, M. Pigeon, C. Foy, Influence of curing on the salt scaling 
resistance of concrete with and without silica fume, ACI Spec. Publ. 114 (1989). 
[63] B. Fournier, M. Bérubé, D. Vézina, Condition survey of concrete structures built with 
potentially alkali-reactive limestone aggregates from the Québec City area (Québec, 
Canada), ACI Spec. Publ. 100 (1987). 
[64] E. Siebel, Air-void characteristics and freezing and thawing resistance of superplasticized 
air-entrained concrete with high workability, Spec. Publ. 119 (1989) 297–320. 
[65] S. Hermann, The precision of the microscopical determination of the air-void system in 
hardened concrete, Cem. Concr. Aggregates. 1 (1979) 49–55. 
[66] D. Jana, Concrete, construction, or salt—which causes scaling? Part 2, Concr. Int. 26 
(2004) 51–56. 
[67] ACI Committee 201.2R-08, Guide to durable concrete, Am. Concr. Inst. (2008). 
[68] ACI Committee 318-11, Building code requirements for structural concrete and 
commentary, Am. Concr. Inst. (2011). 
[69] T. Powers, Void space as a basis for producing air-entrained concrete, ACI J. Proc. 50 
(1954). 
[70] M. Pigeon, C. Talbot, J. Marchand, H. Hornain, Surface microstructure and scaling 
resistance of concrete, Cem. Concr. 26 (1996) 1555–1566. 
[71] D. Bordeleau, M. Pigeon, N. Banthia, Comparative study of latex-modified concretes and 
normal concretes subjected to freezing and thawing in the presence of a deicer salt 
solution, Mater. J. 89 (1992) 547–553. 
[72] T. Marianne, Predicting concrete durability by using artificial neural network, Featur. 
Proc. OfDurability Expo. Concr. Contain. Second. Cem. Mater. Hirtshals. (2002). 
[73] M. Hasholt, L. Clemmensen, Investigating salt frost scaling by using statistical methods, 
Nord. Concr. Res. 42 (2010) 1–16. 
[74] G. Fagerlund, The critical spacing factor: preliminary version, LTH, 1993. 
44 
 
 
 
[75] K. Amini, H. Ceylan, P. Taylor, Linking Air-Void System and Mechanical Properties to 
Salt-Scaling Resistance of Concrete Containing Slag Cement, Submitt. to J. Cem. Concr. 
Compos. (2018). 
[76] K. Amini, H. Ceylan, P. Taylor, Effect of Curing Regimes on Mechanical and Salt-
Scaling Performance of Concrete Containing Slag Cement, Submitt. to J. Constr. Build. 
Mater. (2018). 
[77] K.A. Riding, B.S. Bortz, Effects of curing and test conditions on the salt scaling durability 
of fly ash concrete, Adv. Civ. Eng. Mater. 2 (2013) 551–565. 
[78] D. Panesar, S. Chidiac, Capillary suction model for characterizing salt scaling resistance 
of concrete containing GGBFS, Cem. Concr. Compos. 31 (2009) 570–576. 
[79] J. Deja, Freezing and de-icing salt resistance of blast furnace slag concretes, Cem. Concr. 
Compos. 25 (2003) 357–361. 
[80] R. Bleszynski, R. Hooton, M. Thomas, C. Rogers, Durability of ternary blend concrete 
with silica fume and blast-furnace slag: laboratory and outdoor exposure site studies, 
Mater. J. 99 (2002) 499–508. 
[81] O. Boukendakdji, E. Kadri, S. Kenai, Effects of granulated blast furnace slag and 
superplasticizer type on the fresh properties and compressive strength of self-compacting 
concrete, Cem. Concr. Compos. 34 (2012) 583–590. 
[82] O. Çopuroğlu, L.A. Fraaij, J.M. Bijen, Effect Of Curing Conditions OnFreeze-thaw De-
icing Salt Resistance OfBlast Furnace Slag Cement Mortars, WIT Trans. Built Environ. 
76 (2004). 
[83] K. Sisomphon, O. Copuroglu, A.F.-C. and Concrete,  undefined 2010, Development of 
blast furnace slag mixtures against frost salt attack, Elsevier. 32 (2010) 630–638. 
[84] J. Stark, H. Ludwig, Freeze-deicing salt resistance of concretes containing cement rich in 
slag, Proc. Frost Resist. Concr. (1997) 123–138. 
[85] J. Stark, H. Ludwig, The influence of the type of cement on the freeze-thaw/freeze-de-
icing salt resistance of concrete, Int. Conf. Concr. under Sev. Cond. Sapporo/Ja (1995). 
[86] M. Glinicki, M. Zielinski, Frost salt scaling resistance of concrete containing CFBC fly 
ash, Mater. Struct. 42 (2009) 993–1002. 
[87] K. Amini, M. Jalalpour, N. Delatte, Advancing concrete strength prediction using non-
destructive testing: development and verification of a generalizable model, Constr. Build. 
Mater. 102 (2016) 762–768. 
45 
 
 
 
[88] A. Neville, Properties of concrete, 4th ed., Addison-Wesley Longman, UK, 1995. 
http://scholar.google.com/scholar?q=Properties+of+Concrete+1995+neville&btnG=&hl=e
n&as_sdt=0%2C36#1 (accessed December 22, 2014). 
[89] S. Mindess, J. Young, D. Darwin, Concrete, 2nd ed., Prentice Hall, 2003. 
[90] D. Janeva, J. Beslac, D. Sekulic, The influence of hydraulic additions to cement on frost 
and de-icing salt resistance of concrete, Proc. Frost Resist. Concr. from Nano-Structure 
Pore Solut. to Macrosc. Behav. Testing, Essen, Ger. RILEM, Paris, Fr. (2002) 343–350. 
[91] I. Mehdipour, M. Vahdani, K. Amini, M. Shekarchi, Linking stability characteristics to 
material performance of self-consolidating concrete-equivalent-mortar incorporating fly 
ash and metakaolin, Constr. Build. Mater. 105 (2016) 206–217. 
[92] I. Mehdipour, M.S.R. Razzaghi, K. Amini, M. Shekarchi, Effect of mineral admixtures on 
fluidity and stability of self-consolidating mortar subjected to prolonged mixing time, 
Constr. Build. Mater. 40 (2013) 1029–1097. 
[93] I. Mehdipour, N.A. Libre, M. Shekarchi, M. Khanjani, Effect of workability 
characteristics on the hardened performance of FRSCCMs, Constr. Build. Mater. 40 
(2013) 611–621. 
[94] K. Amini, I. Mehdipour, S.D. Hwang, M. Shekarchi, Effect of binder composition on 
time-dependent stability and robustness characteristics of self-consolidating mortar 
subjected to prolonged agitation, Constr. Build. Mater. 112 (2016) 654–665. 
[95] R. Gagné, E. Houehanou, M. Jolin, Study of the relationship between scaling resistance 
and sorptivity of concrete, Can. J. Civ. Eng. 38 (2011) 1238–1248. 
[96] Z. Liu, Frost deterioration in concrete due to deicing salt exposure: mechanism, mitigation 
and conceptual surface scaling model, University of Michigan, 2014. 
[97] S. Chidiac, D. Panesar, Sorptivity of concrete as an indicator of laboratory freeze-thaw 
scaling performance, in: Int. RILEM Work. Perform. Based Eval. Indic. Concr. Durab., 
Madrid, Spain, 2006: pp. 59–66. 
[98] Z. Liu, W. Hansen, Freezing characteristics of air-entrained concrete in the presence of 
deicing salt, Cem. Concr. Res. 74 (2015) 10–18. 
[99] H.T. Nguyen, S. Jacobsen, F. Melandsø, Capillary suction model as pipes of different 
sizes: flow conditions and comparison with experiments, in: Int. Congr. Durab. Concr., 
Trondheim, Norway, 2012. 
[100] C. Hall, Water sorptivity of mortars and concretes: a review, Mag. Concr. Res. (1989). 
46 
 
 
 
[101] N.S. Martys, C.F. Ferraris, Capillary transport in mortars and concrete, Cem. Concr. Res. 
27 (1997) 747–760. 
[102] A. Nowak-Michta, Influence of superplasticizer on porosity structures in hardened 
concretes, Procedia Eng. 108 (2015) 262–269. 
[103] R.L. Kozikowski, D.B. Vollmer, P.C. Taylor, S.. Gebler, Factors affecting the origin of 
air-void clustering, Portl. Cem. Assoc. (PCA R&D Ser. No. 2789). (2005). 
[104] J. Vosahlik, Air void clustering in concrete, Master Thesis, Kansas State Univ. (2014). 
[105] S. Hatanaka, N. Mishima, T. Nakagawa, H. Morihana, P. Chindaprasirt, Finishing 
methods and compressive strength-void ratio relationships of in-situ porous concrete 
pavement, Comput. Concr. 10 (2012) 231–240. 
[106] P. Taylor, W. Morrison, V. Jennings, The Effect of Finishing Practices on Performance of 
Concrete Containing Slag and Fly Ash as Measured by ASTM C 672 Resistance to Deicer 
Scaling Tests, Cem. Concr. Aggregates. 26 (2004) 155–159. 
[107] N. Bouzoubaâ, A. Bilodeau, Deicing salt scaling resistance of concrete incorporating 
supplementary cementing materials: laboratory and field test data, Can. J. Civ. Eng. 35 
(2008) 1261–1275. 
[108] A. Bilodeau, V. Malhotra, Deicing salt scaling resistance of concrete incorporating 
supplementary cementing materials: CANMET research, RILEM Proc. 30. Free. Durab. 
Concr. (1997). 
[109] K. Amini, H. Ceylan, P. Taylor, Effect of finishing practices on surface structure and salt-
scaling resistance of concrete, Submitt. to J. Cem. Concr. Compos. (2018). 
[110] M. Thomas, Laboratory and field studies of salt scaling in fly ash concrete, Frost Resist. 
Concr. (1997) 21–3. 
[111] K. Łaskawiec, M. Piotrowicz, P. Romanowski, P. Woyciechowski, Basic Characteristics 
of Concrete Durability as the Criteria for Curing Classes Selection According to EN 
13670:2009, Procedia Eng. 108 (2015) 154–161. 
[112] A.K. Chandrappa, K.P. Biligiri, Influence of mix parameters on pore properties and 
modulus of pervious concrete: an application of ultrasonic pulse velocity, Mater. Struct. 
49 (2016) 5255–5271. 
[113] R.M. Ahani, M.R. Nokken, Salt scaling resistance – The effect of curing and pre-
saturation, Constr. Build. Mater. 26 (2012) 558–564. 
47 
 
 
 
[114] I. Afrani, C. Rogers, The effects of different cementing materials and curing on concrete 
scaling, Cem. Concr. Aggregates. 16 (1994) 132–139. 
[115] R.D. Hooton, K. Stanish, J. Prusinski, The Effect of Ground, Granulated Blast Furnace 
Slag (Slag Cement) on the DryingShrinkage of Concrete - A Critical Review of the 
Literature, Eighth CANMET/ACI Int. Conf. Fly Ash, Silica Fume, Slag Nat. Pozzolans 
Concr. (2004). 
[116] J. Zhang, P. Taylor, C. Shi, Investigation of approaches for improving interfacial 
transition zone-related freezing-and-thawing resistance in concrete pavements, ACI Mater. 
J. 112 (2015) 1–6. 
[117] H. Taylor, The chemistry of cement hydration, (1963). 
http://trid.trb.org/view.aspx?id=98634 (accessed December 25, 2015). 
[118] C.S. Poon, Z.H. Shui, L. Lam, Effect of microstructure of ITZ on compressive strength of 
concrete prepared with recycled aggregates, Constr. Build. Mater. 18 (2004) 461–468. 
http://www.sciencedirect.com/science/article/pii/S0950061804000388 (accessed October 
23, 2015). 
[119] K. Scrivener, P. Pratt, Characterization of interfacial microstructure, in: RILEM Rep. 11, 
Interfacial Transit. Zo. Concr., E & FN SPON, 1996: pp. 3–17. 
[120] E. V. Sorensen, Freezing and thawing resistance of condensed silica fume (Microsilica) 
concrete exposed to deicing chemicals, Spec. Publ. 79 (1983) 709–718. 
[121] C. Hall, W. Hoff, Water transport in brick, stone and concrete, CRC Press, 2011. 
[122] Z. Wu, C. Shi, P. Gao, D. Wang, Z. Cao, Effects of Deicing Salts on the Scaling 
Resistance of Concrete, J. Mater. Civ. Eng. 27 (2014). 
[123] D. Whiting, J. Schmitt, Model for deicer scaling resistance of field concretes containing 
high-range water reducers, Spec. Publ. 119 (1989) 343–360. 
[124] T. Powers, The properties of fresh concrete, Treval Clifford. (1969). 
[125] R. Gagne, M. Pigeon, Deicer salt scaling resistance of high-performance concrete, ACI 
Spec. Publ. 122 (1990) 29–44. 
[126] S. Jacobsen, E. Sellevold, Frost/salt scaling and ice formation of concrete: effect of curing 
temperature and silica fume on normal and high strength concrete, RILEM Proc. 30. Free. 
Durab. Concr. (1997). http://trid.trb.org/view.aspx?id=481972 (accessed December 27, 
2015). 
48 
 
 
 
[127] P. Taylor, Effect of clinker chemistry on salt scaling resistance of concrete, Transp. Res. 
Rec. J. 2113 (2009) 108–113. 
[128] G. Skripkiūnas, D. Nagrockienė, G. Girskas, M. Vaičienė, E. Baranauskaitė, The cement 
type effect on freeze–thaw and deicing salt resistance of concrete, Procedia Eng. 57 
(2013) 1045–1051. 
[129] G. Paul, E. Boccaleri, L. Buzzi, F. Canonico, D. Gastaldi, Friedel’s salt formation in 
sulfoaluminate cements: A combined XRD and 27Al MAS NMR study, Cem. Concr. Res. 
67 (2015) 93–102. 
[130] M. Marinescu, H. Brouwers, Chloride binding in OPC hydration products, in: Proc. 3rd 
Int. RILEM PhD Student Work. Model. Durab. Reinf. Concr., Guimaraes, Portugal, 2009. 
[131] F. Barberon, V. Baroghel-Bouny, H. Zanni, B. Bresson, J.-B. d’Espinose de la Caillerie, 
L. Malosse, Z. Gan, Interactions between chloride and cement-paste materials, Magn. 
Reson. Imaging. 23 (2005) 267–272. 
 
 
49 
 
 
 
CHAPTER 3.   !LINKING AIR-VOID SYSTEM AND MECHANICAL PROPERTIES TO 
SALT-SCALING RESISTANCE OF CONCRETE CONTAINING SLAG CEMENT 
A journal paper submitted to Journal of Cement and Concrete Composites 
Kamran Amini4, Payam Vosoughi5, Halil Ceylan6, Peter Taylor P.E7 
 
3.1. Abstract 
This paper is focused on correlating salt-scaling resistance to material performance of 
concrete made with various water-to-cement ratios (w/cm), slag cement, and air contents. The 
material performance of the mixtures was evaluated using air-void system, sorptivity, abrasion, 
compressive strength, and depth-sensing indentation (DSI) tests.  
Test results show that effect of concrete properties, i.e., sorptivity, surface hardness, and 
air content on salt scaling resistance of concrete is relative to mixture proportion. The results 
associated with mixtures made with slag cement were found misleading, since they exhibited 
improved mechanical properties, while lowered salt-scaling resistance. In addition, 3-6% of air 
entrainment appeared beneficial for concrete mixtures made with w/cm of 0.55, when subjected 
to high potential salt scaling environments.  
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Keywords: Air-void system, mixture proportion, mechanical properties, durability, salt scaling 
resistance. 
3.2. Introduction 
Salt scaling has been the subject of a numerous research studies throughout the past 
several decades [1–6]. Although a great deal of research has been associated to reinforce the 
current knowledge regarding this phenomenon, it still requires more research to attain a general 
agreement on the factors that influence concrete resistance to salt scaling. While it has been 
frequently suggested that adequate air entrainment is the key parameter for minimizing the 
physical effects of deicers [7–11], and a spacing factor below 200-250 µm can be used as the 
main tool for controlling the resistance of concrete to salt scaling [3,7–9,12,13], there are studies 
that show no/poor relationship between salt scaling and air-void system. Liu and Hansen [14] 
investigated the correlation between air-void system and salt scaling through mixes with total air 
content ranging from 3.0% to 9.3% and spacing factors in the range  60 to 190 µm, much lower 
than the minimum critical spacing factor required for freeze-thaw resistance (200-250 µm), and 
concluded no direct relationship between spacing factor and salt-scaling performance of concrete 
mixtures made with same water-to-binder (w/b) ratio and cement content. Similar observations 
have been reported by other researchers [15]. 
Evidence also suggests that moisture absorption (sorptivity) is among the factors that 
affect the scaling resistance of concrete [16–19]. Liu and Hansen [18] investigated interaction 
between a salt solution and ice formation in capillary pores, with result confirming that the extent 
of surface scaling is affected by the capillary transport property (i.e., sorptivity) of a porous 
cementitious system. Similar results were obtained by Gagné, et al., [20] who reported 
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lengthening of the moist-curing period of concrete systematically decreases sorptivity and 
improves scaling resistance. 
Different mechanical models such as salt crystallization, osmosis pressure, and glue 
spalling have been proposed suggesting that salt scaling is a consequence of stresses caused by 
the freezing and thawing cycles in presence of de-icing salts on the surface of concrete. This 
implies that the resistance to salt scaling is governed by concrete’s surface strength. However, 
only few efforts have been put to correlate surface hardness with salt scaling [21,22]. Glinicki 
and Zielinski [22] used depth sensing indentation (DSI) test to evaluate the effect of surface 
hardness on salt-scaling resistance. Their results confirmed an inverse relationship between the 
mass of the scaled materials and Vickers hardness of the concrete surface. Similar observations 
are reported by Tremblay, et al., [21], who implemented Schmitt hammer to assess the surface 
strength.   
Growing use of supplementary cementitious materials (SCMs) to improve concrete fresh 
and hardened properties as well as to reduce the impact of portland cement on environment has 
led to an era that needs new studies to fulfill the required knowledge about these materials. 
Because of many advantages, it can deliver, slag cement (ground granulated blast furnace slag) is 
commonly used in concrete as a cement replacement. However, there are concerns about lower 
resistance of slag-cement concrete to salt scaling [15,23–25]. Conventional wisdom suggests that 
this lower scaling resistance is attributed to lower rate of hydration of such concrete that 
consequently results in weaker hardened properties at early ages. However, this hypothesis has 
not been properly studied and needs to be further investigated. 
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Despite the large body of literature regarding salt-scaling, the impact of capillary porosity 
and surface hardness has been understudied, and a lack of general agreement regarding the effect 
of air entrainment on concrete salt-scaling resistance requires additional research to investigate 
the correlation between salt scaling and the air-void system, primarily because the main factor 
that interactions between these factors, and their influence on the development of concrete 
against salt scaling, are not yet well-understood. Therefore, an experimental investigation was 
undertaken to evaluate the effects of water-to-cement ratio (w/cm), slag cement, and air-void 
system on concrete properties. Moreover, the relationship between salt scaling with sorptivity, 
abrasion, surface hardness, and compressive strength is evaluated.  
3.3. Experimental Procedure  
3.3.1. Materials  
Type I portland cement was used, and Class C fly ash and slag cement (ground 
granulated blast furnace slag) were incorporated in binary and ternary systems. Table 3-1 
presents the chemical and physical characteristics of the cementitious materials used. A 
polycarboxylate-based high-range water reducing admixture (HRWRA) and vinsol-based air-
entraining admixture (AEA) were employed with dosages to achieve initial slump and air content 
values of 5 ± 1 cm and 2–9 %, respectively. Continuously-graded crushed limestone aggregate 
with 19-mm nominal maximum size (NMS), a bulk specific gravity of 2.68, and an absorption 
value of 0.81% was selected. A well-graded limestone fine aggregate with fineness modulus 
2.97, absorption value 1.5%, and specific gravity 2.62 was used. The particle-size distribution of 
aggregates is shown in Figure 3-1.  
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Table 3-1. The chemical analysis of the cementitious materials used in the concrete mixtures (%) 
Chemical composition Cement Fly ash Slag Cement 
Alkalis (Na2Oe) 0.88 1.9 0.4 
Loss on ignition 2.2 2.65 0.75 
Insoluble residue 0.7 - - 
Free lime 0.8 - - 
SiO2 20.6 52.5 37.2 
AlO3 4.5 25.4 11.9 
Fe2O3 2.7 6.6 0.5 
CaO 62.7 6.1 37.9 
MgO 2.0 1.6 9.5 
SO3 3.6 0.9 3.0 
 
 
Figure 3-1. Particle-size distribution of sand and coarse aggregate 
3.3.2. Mixture Proportion 
A total of 18 concrete mixtures with different binary and ternary combinations of fly ash 
and slag cement, water to cementitious ratio (w/cm), and air content were prepared. As shown in 
Table 3-2, three sets of mixtures were proportioned with w/cm of 0.35 and 0.55, and different air 
contents; <3% (no AEA), 3-6%, and >6%. All mixtures had a fixed fly ash content of 20%, and 
slag cement content varied among 0%, 20%, and 40%. 
54 
 
 
 
    Table 3-2. Mixture compositions 
Mix 
Label 
Air 
Content 
Slag 
(%) 
 
w/cm  
 
  Materials (kg/m3) 
  Cement 
Fly 
ash Slag 
Coarse 
Agg. 
Fine 
Agg. Water 
L0S35 
< 3% 
0 0.35   332 83 0 1210 702 145 
L20S35 20 0.35  249 83 83 1207 700 145 
L40S35 40 0.35   166 83 166 1206 699 145 
L0S55 0 0.55   242 61 0 1238 717 166 
L20S55 20 0.55  182 61 61 1235 716 166 
L40S55 40 0.55   121 61 121 1234 715 166 
M0S35 
3-6% 
0 0.35   332 83 0 1135 658 145 
M20S35 20 0.35  249 83 83 1132 656 145 
M40S35 40 0.35   166 83 166 1129 655 145 
M0S55 0 0.55   242 61 0 1161 673 166 
M20S55 20 0.55  182 61 61 1160 672 166 
M40S55 40 0.55   121 61 121 1158 671 166 
H0S35 
>6% 
0 0.35   332 83 0 1084 628 145 
H20S35 20 0.35  249 83 83 1081 627 145 
H40S35 40 0.35   166 83 166 1079 625 145 
H0S55 0 0.55   242 61 0 1111 644 166 
H20S55 20 0.55  182 61 61 1110 463 166 
H40S55 40 0.55   121 61 121 1107 642 166 
3.3.3. Mixing Procedure 
The mixing sequence consisted of introducing AEA, diluted in 1/3 of total water, to the 
coarse aggregate and mixing until a foam formed. It continued by homogenizing the fine and 
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coarse aggregate for 30 sec, before introducing the cementitious materials along with the 
remaining water. The concrete was mixed for 3 min followed by 3 min rest and an additional 3 
min of remixing.  
 3.3.4. Testing Program  
3.3.4.1. Abrasion 
The abrasion resistance of the specimens was determined as a measure of surface 
hardness using a rotating-cutter drill press. The test was performed in accordance with ASTM 
C944 [26]. The surface of the specimens was subjected to the rotating-cutter for 3 cycles of 2 
minutes. All dust was removed, and the cylinder was weighed. The procedure was repeated on 
two specimens, and the total mass loss was then averaged and reported. 
3.3.4.2. Depth-sensing indentation (DSI) 
A depth sensing indentation (DSI) system was also used to evaluate the surface hardness 
of the concrete specimens. The device used was a LM 247 AT testing machine (Figure 3-2) with 
a high precision load cell and a standard Vickers indenter in the shape of a square-based pyramid 
with a thickness of 0.3 mm attached. Square specimens of size 100×100 mm were cut from the 
middle of the beams perpendicular to the surface, and the indentation areas were carefully 
selected using a 100 X digital zoom function so that the indenter would only touch the cement 
paste within the topmost 5 mm of the surface. Because of significant concrete inhomogeneity, 
the indent test was conducted very carefully to ensure that the results are merely obtained from 
the paste and not affected by aggregate composition and/or air voids. The DSI test was 
performed at least 10 times at a selected maximum load level of 50 N, and the average of the 
values was reported. 
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Figure 3-2. Depth sensing indentation test set-up 
3.3.4.3. Salt scaling 
Scaling specimens were cast in accordance with the BNQ NQ 2621-900 [27] test method. 
This method requires rectangular prisms with size of 300×200×82 mm or an equivalent surface 
area of 0.06 m2 (Figure 3-3). After applying the specified curing regime, 7 days of pre-saturation 
was carried out using a brine with 3% NaCl concentration. The specimens were then subjected to 
freezing and thawing (F-T) cycles of 16 hr freezing and 8 hr thawing. The F-T testing was 
conducted for 45 days. After every 5 cycles, the surface of the specimens was washed with a 
deicing solution and the residues were collected and dried in an oven at 110 oC for 24 hr. 
Thereafter, the weight of the dried residues was measured and the average of the two specimens 
was reported.  
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Figure 3-3. Salt scaling test specimen 
3.3.4.4. Sorptivity 
The test was conducted on cylinders of size 100×50 mm, as per ASTM C1585 [28]. The 
surface of the cylinders was placed in contact with water and the mass of absorbed water was 
determined at different times for a total interval of 9 days. 
 3.3.4.5. Air-void system 
A RapidAir 3000 automatic image analysis system compatible with ASTM C457 [29] 
was used to perform air-void analysis on the hardened mixtures. Square specimens of 100 × 100 
mm were cut from the middle of the cylinders perpendicular to the surface.  
3.3.4.6. Other tests 
Bleeding of the mixtures was measured based on ASTM C232 [30] for 40 min and the 
cumulative bleeding was reported. Compressive strength testing was performed on 100 mm × 
200 mm concrete cylinders according to ASTM C39 [31]. Three cylinders, 28 days of age, were 
tested for each mixture and the average compressive strength was reported. 
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3.4. Results and Discussion 
3.4.1. Salt Scaling 
The salt-scaling test results for different binary systems are shown in Figure 3-4. It can 
generally be observed that for w/cm of 0.55, concrete specimens are more responsive to 
variations in air content.  For example, for mixtures made with w/cm of 0.55 and slag-cement 
replacement of 40%, increasing air content from 4.2% to 6.4% resulted in ~500 gr/m2 higher salt 
scaling, while for same slag-cement content and w/cm of 0.35, variations in air content from 
2.3% to 7% resulted in only 80 gr/m2 higher salt scaling. It has been suggested that regardless of 
cementitious material type and content, air-entrained concrete performs superior to that of non-
air entrained [7,11]. Results presented in this paper are somewhat in contrary to this standpoint, 
and will be further discussed in the following sections.  
Slag-cement replacement also appeared to influence the scaling resistance of the 
specimens. For example, 40% slag-cement specimens exhibited about 400 gr/m2 more scaling 
than plain concrete. Conventional wisdom suggests that the lower resistance of slag-cement 
concrete to salt scaling may be attributed to reduced hardened properties as a result of a slower 
rate of hydration [32,33]. This is further investigated in the following sections. 
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Figure 3-4. Salt scaling of concrete mixtures with different w/cm ratios and binary systems 
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3.4.2. Effect of Mixture Proportion and Air-Void System 
Relationship between air content and concrete properties for different binary systems and 
w/cm ratios is shown in Figure 3-5. The results show that variation of w/cm, slag cement, and air 
entrainment have significant influence on hardened concrete properties, with w/cm having the 
greatest impact. 
As expected, increasing both w/cm and air content resulted in strength reduction, while 
slag-cement incorporation improved compressive strength to some extent.  
It can be observed that both abrasion resistance and surface hardness are influenced by 
w/cm, slag cement, and air content. For mixtures made with w/cm of 0.35 the effect of slag-
cement replacement and air content seems to be negligible, while at higher w/cm a complex 
relationship can be specified between these parameters. Although increasing air content 
contributed to lower surface hardness and abrasion resistance, 3-6% of air resulted in improved 
surface properties. This is likely due to higher bleeding potential of the mixtures made with 
w/cm of 0.55 that is reduced by applying enough air-entrainment (3-6% air content). Moreover, 
although entrained air contributes to lower bleeding, it simultaneously reduces the hardness of 
concrete. Therefore, it is likely that this disadvantage of air entrainment governs its beneficial 
effects when concrete contains more than 6% air content. Moreover, at lower w/cm, no bleeding 
was observed on the surface of the specimens (Table 3-3), so it is likely that increasing the air 
content only contributed to lower hardness of the specimens, resulting in relatively higher 
scaling. As expected, incorporation of slag cement contributes to a considerable surface-
abrasion-resistance improvement, most likely due to higher content of fine particles which 
reduces bleeding in the fresh state and consequently produces a harder surface. Moreover, 
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chemistry of slag cement involves the dissolution of calcium aluminum ions to form a C–(A)–S–
H type gel [34–36], promoting development of high mechanical strength and reduced 
permeability in such systems [37–39]. It should be noted that the improving impact of slag 
cement on concrete performance is a paired effect, meaning that the effect of changes in both the 
fresh state (lowering the bleeding) and the hardened state (higher density and strength) resulting 
from the use of slag cement alter the concrete performance [40]. 
As can be observed from the figure, sorptivity is greatly influenced by mixture 
proportion, with slag cement reducing the sorptivity, while w/cm and air content resulting in 
higher sorptivity. The sorptivity reducing effect of slag cement may be attributed to high filling 
effect and high pozzolanic reactivity of slag cement, which consequently improves 
microstructure density, and results in lower sorptivity. The correlation between air content and 
sorptivity of the mixtures depends on w/cm, in order that for w/cm of 0.35, this correlation is 
insignificant, while for w/cm of 0.55, sorptivity tends to increase gradually by higher air content. 
It has been shown that increasing water content influence the sorptivity of concrete by generating 
more connected capillary pores [41]. Therefore, it is possible that at higher w/cm, increasing the 
air content compounds with the capillaries and increases the interconnectivity of the porous 
system resulting in higher sorptivity.  
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Figure 3-5. Relationship between air content and hardened properties of concrete mixtures made 
with different w/cm and binary systems 
Depending on slag cement and air contents, increasing w/cm from 0.35 to 0.55 resulted in 
50-100% higher salt scaling. Incorporation of slag cement resulted in higher scaling, which is 
more pronounced for those made with higher w/cm, likely due to compounding the deteriorating 
effect of both higher w/cm and slag cement with respect to salt-scaling resistance of concrete. 
The relationship between air content and scaling resistance was found governed by w/cm; for 
w/cm of 0.35, scaling was gradually increased by higher air content, while for w/cm of 0.55, best 
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salt-scaling resistance was achieved by mixtures containing 3-6% entrained air, for a given slag-
cement replacement. This may be explained by same reason attributed to the relationship 
between air content with abrasion and surface hardness.  
Based on the results obtained in this study, Figure 3-6 is developed to schematically 
present the complex relationship between air content and bleeding with surface hardness, 
abrasion, and salt scaling. It can be observed that air entrainment up to a limit (6% in this study) 
contributes to lower bleeding, and improved abrasion, hardness, and scaling resistance. On the 
other hand, when the bleeding is lowered/mitigated by enough air entrainment, or in case of 
w/cm of 0.35 when there is no/negligible bleeding on the surface, increasing the air reflects in 
lower abrasion, hardness, and scaling resistance. This relationship needs to be further 
investigated and quantified. 
The relationship between spacing factor and salt scaling results is presented in Figure 3-7. 
It can be observed that at low w/cm salt scaling is independent from spacing factor, while for 
mixtures made with higher w/cm no clear trend can be identified. According to the figure, for a 
given spacing factor of <0.2 mm, scaling of concrete varies from 500 gr/m2 to ~2000 gr/m2, 
indicating that ensuring a spacing factor of less than 200&89 does not necessarily lead to a 
scaling resistant concrete.  
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Figure 3-6. Schematic relationship between air content, bleeding, and concrete surface resistance 
 Table 3-3. Air-void analysis, bleeding, and compressive strength test results 
Mix 
Label 
 
 
Bleeding 
(ml) 
Compressive 
Strength (MPa) 
 
Air content 
(%)  
 
 
Spacing 
Factor (mm) 
L0S35 - 66 2.30 0.59 
L20S35 - 65 2.50 0.31 
L40S35 - 70 2.28 0.47 
L0S55 19.3 36 2.16 0.32 
L20S55 14.1 44 2.22 0.35 
L40S55 9.7 45 2.51 0.20 
M0S35 - 55 6.06 0.15 
M20S35 - 58 4.85 0.23 
M40S35 - 59 5.34 0.28 
M0S55 11.8 31 5.56 0.10 
M20S55 7.6 36 3.84 0.23 
M40S55 5.9 38 4.23 0.17 
H0S35 - 46 6.44 0.09 
H20S35 - 49 8.14 0.14 
H40S35 - 51 6.98 0.15 
H0S55 6.3 30 8.09 0.05 
H20S55 4.1 30 8.96 0.01 
H40S55 2.4 32 6.43 0.12 
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Figure 3-7. Relationship between salt scaling and spacing factor 
3.4.3. Effect of Hardened Properties 
Relationship between sorptivity, mixture proportion, and salt scaling is shown in Figure 
3-8a and 3-8b for mixtures made with w/cm of 0.35 and 0.55, respectively. According to the 
results, there is no significant relationship between sorptivity and salt-scaling resistance of the 
mixtures made with lower w/cm, while at higher w/cm this relationship is complex. For example, 
for a given slag content, although sorptivity increases continuously by higher air content, scaling 
falls when concrete contains 3-6% air, and increases with higher sorptivity when more than 6% 
air is employed. This may be related to the improved surface hardness of the specimens made 
with 3-6% entrained air, which governs the effect of sorptivity. Although incorporation of slag 
cement improved sorptivity, it can be observed that scaling systematically increased by higher 
slag-cement replacement. This indicates that the effects of salts on scaling resistance of slag-
cement concretes may be chemically based rather than only mechanical.  
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(a) 
 
(b) 
Figure 3-8. Relationship between salt scaling and sorptivity of concrete specimens made with 
w/cm of (a) 0.35, (b) 0.55 
Relationship between salt scaling with abrasion and DSI test results are shown in Figure 
3-9 and Figure 3-10, respectively. Although the figures show initially no clear trend, 
comparisons for a given mixture help developing the following interpretations. For w/cm of 0.35 
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and a given slag-cement content, variation in abrasion and surface hardness is small, which 
consequently results in negligible changes in scaling resistance of the mixtures. For w/cm ratio 
of 0.55 and a given slag-cement replacement, however, salt scaling is a function of abrasion 
resistance and surface hardness. Moreover, it can generally be observed that slag-cement 
replacement contributed to improved abrasion resistance and surface hardness, while delivered 
lower salt-scaling resistance. These results, therefore, confirm that testing the mechanical 
properties and salt scaling of mixtures containing slag as a cement replacement at 28 days or less 
can be misleading. To provide a clear picture of this complex correlation, Figure 3-11 is 
developed to schematically present the relationship between salt scaling and abrasion for 
different slag-cement replacement levels showing that for any slag-cement replacement, there is 
a direct correlation between abrasion and scaling resistance, considering same finishing and 
curing. The figure also shows that for a given abrasion mass loss, slag-cement replacement 
results in higher salt scaling. Similar relationship between abrasion resistance and salt scaling is 
reported elsewhere [42,43]. The effect of air entrainment on the surface-abrasion resistance of 
the mixtures, confirms the earlier findings implying air entrainment may improve scaling 
resistance by mitigating the risk of bleeding, which improves the surface hardness and increase 
the surface resistance to salt scaling. For example, for w/cm of 0.55 and a given slag-cement 
replacement, least surface abrasion and scaling were achieved by mixtures containing 3-6% air 
content.  
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(a) 
 
(b) 
Figure 3-9. Relationship between salt scaling and abrasion of concrete specimens made with 
w/cm of (a) 0.35, (b) 0.55 
69 
 
 
 
 
(a) 
 
 (b) 
Figure 3-10. Relationship between salt scaling and surface hardness of concrete specimens made 
with w/cm of (a) 0.35, (b) 0.55 
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Figure 3-11. Schematic relationship between air content, bleeding, and concrete surface 
resistance 
Figure 3-12 illustrates the relationship between compressive strength and salt scaling. In 
general, it is evident that salt-scaling resistance can be improved by increasing compressive 
strength. This relationship is stronger for mixtures made with w/cm of 0.35. This is not quite 
surprising because at lower w/cm when bleeding is negligible, concrete is uniform and abrasion 
resistance is reflected by compressive strength. 
 
Figure 3-12. Relationship between salt scaling and compressive strength of concrete specimens 
made with different w/cm ratios and binary systems 
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3.5. Conclusions and Future Work 
An experimental study was conducted to investigate the factors affecting salt-scaling 
resistance of concrete made with various w/cm, air, and slag cement content. Based on the results 
reported herein, relationship between concrete properties salt-scaling resistance of concrete is 
complex and relative. However, the following conclusions appear to be warranted: 
-! Effect of air content on the performance of concrete specimens made with w/cm of 0.35 
was negligible, while adequate air entrainment was found beneficial for mixtures made 
w/cm of 0.55, in order that for a give slag cement replacement, mixtures made with 3-6% 
air content exhibited least abrasion and scaling, compared to mixtures containing <3% 
(non-air entrained) or >6% air content. 
-! Salt scaling appeared to be independent from spacing factor indicating that a spacing 
factor of less than 200&89 does not guarantee a satisfactory scaling resistance of 
concrete. 
-! Incorporation of slag cement can mislead the interpretation of the results associated with 
salt scaling. It improves concrete sorptivity, abrasion resistance, and surface hardness, 
while results in diminished salt-scaling resistance. 
-! A correlation was established between salt scaling, sorptivity, abrasion, and the air-void 
system of the concrete. Based on these results, depending on w/cm, scaling is a function of 
a combination of all these parameters, and none of them alone can ensure the scaling 
resistance of concrete.  
Salt scaling is mainly a surface-related phenomenon, and future work may include 
investigating the effect of cement chemistry and workmanship; i.e., finishing and curing regimes, 
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on the surface properties and scaling resistance. In addition, chemical reactions associated with 
slag-cement replacement may be of interest to be further studied. 
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CHAPTER 4.   !EFFECT OF FINISHING PRACTICES ON SURFACE STRUCTURE 
AND SALT-SCALING RESISTANCE OF CONCRETE 
A journal paper submitted to Journal of Cement and Concrete Composites 
Kamran Amini8, Halil Ceylan9, Peter Taylor P.E10  
 
4.1. Abstract 
The impact of three different finishing times on the surface layer properties of concrete 
containing different contents of slag cement replacement was evaluated, as well as the 
relationship between finishing, abrasion resistance of surface layer, and salt-scaling resistance. In 
addition, a novel method for monitoring the bleeding period of fresh concrete was investigated. 
Based on the results obtained in this study, choice of finishing time can influence salt 
scaling resistance by affecting abrasion resistance of concrete mixtures. It was found that lower 
resistance of slag cement concrete to salt scaling is not necessarily due to a weaker surface layer. 
While slag replacement reduced the mixtures’ scaling resistance, up to 40% of slag replacement 
improved mechanical properties, including surface abrasion resistance. 
Keywords: salt scaling, surface hardness, bleeding, slag cement, spacing factor. 
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4.2. Introduction 
A great deal of research regarding salt scaling has been focused on the effect of mixture 
proportions [1–4], types of deicing salts [5–8], and the mechanism of salt scaling [9–11], while 
less attention has been given to the impact of workmanship [12,13]. Inadequate finishing not 
only affects surface properties, but also accelerates the ingress of aggressive elements like 
deicing salt into the concrete [12–14]. The term “inadequate finishing” can be described as not 
giving sufficient attention to the impact of finishing efforts, timing, and tools. For example, 
excessive finishing effort can compromise the near-surface air-void system [15,16], which is 
crucial for freeze-thaw resistance of concrete. Alternatively, early finishing may cause water to 
be trapped below the surface, building in a weak layer.  
Increasing the dosage of supplementary cementitious materials (SCMs) such as slag 
cement or fly ash,  has sometimes led to misleading test results obtained from salt-scaling test 
methods [17–19] that do not correlate well with field data [18,20,21]. This observation is based 
on laboratory salt-scaling tests carried out in accordance with MTO LS-412 [22], ASTM 672 
[23], and BNQ [24]. Some researchers have attributed this discrepancy to the slow hydration and 
an insufficient curing regime for concrete containing SCMs [25,26]. Taylor, et. al, [12] proposed 
that the apparent poor performance of concretes containing SCMs in ASTM C672 salt-scaling 
tests [12] might be due to differences in timing of finishing. They studied the effect of variable 
finishing time on three different mixes: plain cement concrete, 50% slag cement concrete, and 
25% fly ash concrete, and found that sensitivity of finishing time was a function of mixture 
composition.  
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Despite the obvious importance of the surface layer with respect to concrete durability, 
there has been little research aimed specifically at characterizing surface structure and the factors 
that influence it [27]. Evidence suggests that surface hardness, itself highly dependent on 
finishing and curing practices, is among the most important factors affecting the scaling 
resistance of concrete. Glinicki and Zielinski [28] investigated scaling resistance of concrete 
containing circulating fluidized bed combustion (CFBC) fly ash and confirmed the significance 
of concrete surface hardness on salt frost-scaling resistance. Similar results were obtained by 
Tremblay, et al., [29]. The effects of finishing, however, were dismissed in both of these studies. 
Sadegzadeh, et. al., [30] studied the effect of different finishing techniques, including hand 
finishing, power finishing, and repeated power finishing, on the abrasion resistance of concrete, 
with results indicating substantially different microstructural characteristics of surface layer. 
Their study included only portland cement and did not consider timing.  
Bleeding can also be an important defect when studying salt scaling resistance of 
concrete [12,13,31–33], and while several methods have been proposed to measure concrete 
bleeding, none is considered completely satisfactory [34]. If the rate of evaporation is higher than 
the rate of bleeding, no water accumulation can be observed on the top surface of the concrete 
[35], making monitoring the bleeding duration difficult or impossible.  
In this study, an experimental investigation was undertaken to evaluate the effect of the 
time of finishing on surface properties and scaling resistance of concrete samples containing 
various binary systems, i.e., 0%, 20%, 40%, and 60% slag cement. The surface properties were 
tested using abrasion resistance test method. In addition, a novel method for monitoring the 
bleeding of fresh concrete was investigated.  
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4.3. Experimental Program 
4.3.1.! Materials and Mixing 
Type I portland cement and slag cement were combined into four different binary 
systems. Table 4-1 presents the chemical and physical characteristics of the cementitious 
materials utilized. Polycarboxylate-based high-range water reducing admixture (HRWRA) and 
vinsol-based air entraining admixture were employed. The dosage rates of the HRWR and AEA 
were adjusted to secure initial slump and air content values of 50 ± 10 mm and 2–9 %, 
respectively. Continuously graded crushed limestone aggregate with 19-mm nominal maximum 
size (NMS) was used. The coarse aggregate had a bulk specific gravity of 2.68 and an absorption 
value of 0.81 %. Well-graded limestone sand with a fineness modulus of 2.97, an absorption 
value of 1.5%, and a specific gravity of 2.62. was used 
Table 4-1. The chemical analysis of the cement used in the concrete mixtures (%) 
Chemical composition Cement Slag cement 
Alkalies (Na2Oe) 0.88 0.26 
Loss on ignition 2.2 0.75 
Insoluble residue 0.7 - 
Free lime 0.8 - 
SiO2 20.6 37.2 
AlO3 4.5 9.48 
Fe2O3 2.7 0.47 
CaO 62.7 40.10 
MgO 2.0 10.99 
SO3 3.6 1.11 
 
Four concrete mixtures were prepared with a fixed w/cm of 0.48 and various binary 
combinations of slag cement (0%, 20%, 40%, and 60%). Because cementitious materials have 
different solid densities, all mixtures were designed using volume-based replacement to maintain 
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a constant volume of solid particles; the mixture proportions of the concrete mixtures are given 
in Table 4-2. 
The mixing sequence consisted of introducing AEA diluted in 1/ 3 of the mixing water 
into the coarse aggregate and mixing until foam began to form, followed by homogenizing the 
sand and coarse aggregate for 30 sec before introducing the cementitious materials along with 
the remaining water. The concrete was mixed for 3 min and kept at rest for 3 min before 
remixing for 3 additional minutes.   
Table 4-2. Mixture compositions 
Label AEA (ml) 
Slag 
(%) 
 
w/cm  
 
Materials (kg/m3) 
Cement Slag 
Coarse 
Agg. 
Fine 
Agg. 
Intermediate 
Agg. Water 
S0 305 0 
0.48 
 
 
326 0 832.4 674.6 330.5 
156.6 
 
 
S20 240 20 261 65 831.2 673.4 330.3 
S40 200 40 196 130 829.4 472.2 329.9 
S60 200 60 130 196 828.2 671.0 329.3 
 
4.3.2.! Finishing and Testing Program  
4.3.2.1. Finishing 
Three sets of samples were prepared for each mix and different finishing techniques were 
applied to each set. The times for conducting the finishing were as follows: 
(a)! Immediately after casting. 
(b)!After the bleeding slowed down or stopped. 
(c)!At the initial setting time.  
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The same operator finished all the slabs under instruction to apply the same amount of 
effort in all cases.  
4.3.2.2. Testing procedures  
Initial setting time of the mixtures was assessed using penetration resistance test based on 
ASTM C403 [36] and ultrasonic pulse velocity measurements [37]. Results were later confirmed 
using a calorimeter test [38]. 
The amount and duration of bleeding water was measured based on ASTM C232 [39], 
and a novel method was also developed to monitor the bleeding duration of the mixtures. For 
that purpose, a specimen identical to that described by the standard was used, and the ambient 
temperature (Ta) and that of the concrete (Tc: 5 in. inside the sample) were assessed using 
thermometers. The surface temperature gradient (Ts) was monitored using a FLIR T650sc 
infrared camera. The results showed that the time when Tc and Ts became equal, implying no 
more evaporation of bleed water from the surface, is about the time that bleeding has slowed 
down or stopped. Ambient temperature was maintained at 27± 1oC.  
After casting, all specimens were covered with plastic sheeting for 24 hr, after which they 
were demolded and cured in accordance with ASTM C31 [40]. 
The abrasion resistance of the specimens was determined using a rotating-cutter drill 
press. The test was performed in accordance with ASTM C944 [41]., with the specimen surface 
subjected to the rotating-cutter at 197 N for 2 minutes. All dust was removed, and each 
cylindrical sample was then weighed. The procedure was repeated for 2 more cycles on two 
specimens. The total mass loss was then averaged and reported.   
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Scaling resistance of concrete specimens was determined in accordance with the BNQ 
NQ 2621-900 [24] test method. This method requires use of rectangular prisms of size 
300×200×82 mm or an equivalent surface area of 0.06 m2. After 28 and 14 days of moist curing 
and air drying, respectively, 7 days of pre-saturation was carried in brine with a 3% NaCl 
concentration. The specimens were then subjected to freezing and thawing (F-T) cycles, each 
with freezing and thawing periods of 16 hr and 8 hr, respectively. F-T cycle testing was 
conducted for 45 days, and at every 5 cycles the surface of the specimens was washed with a 
deicing solution, and the residue was collected and dried in an oven at 110 oC for 24 hr. The total 
weight of the dried residue was measured and the average for the two specimens was reported.  
A RapidAir 3000 automatic image analysis system compatible with ASTM C457 [42] 
was used to perform air-void analysis on the hardened mixtures. Square specimens of 100 × 100 
mm2 were cut perpendicular to the surface from the middle of the cylinders.  
Compressive strength testing was performed on 100 mm × 200 mm2 concrete cylinders 
according to ASTM C39 [43]. Three cylinders, 28 days of age, were used for each test and the 
average compressive strength reported. 
4.4. Results and Discussions 
Figure 4-1 demonstrates calorimeter results showing specimen heat variation during the 
first 16 hours of hydration. As expected, incorporation of slag cement reduced the heat of 
hydration. In addition, the results of setting time measurement, based on Figure 4-1, which 
agreed with the ultrasonic pulse velocity and penetration test results, as well as bleeding, air-void 
system, and compressive strength results, are tabulated in Table 4-3.  
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Figure 4-1. Calorimetry test results 
Table 4-3. Concrete general properties 
Slag cement 
(%) 
Initial set 
time (min) 
Bleeding 
(ml) 
Air content 
(%) 
Spacing 
factor (mm) 
Compressive strength 
(MPa) 
0 320 12 9.47 0.131 34.85 
20 370 17 6.95 0.136 35.49 
40 445 27 9.66 0.089 36.68 
60 435 15 6.93 0.156 39.23 
 
4.4.1.! Bleeding 
Figure 4-2 illustrates the relationship between bleeding duration and temperature 
variation of different binary mixtures. Based on the results obtained in this study, this method 
can be used for effective monitoring of concrete bleeding duration. It can be observed that the 
time when surface temperature crosses the internal concrete temperature is about the time that 
concrete is no longer bleeding. This can be explained by the fact that evaporating bleed water 
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cools the system. When bleeding stops the temperature at the surface rises. Although this method 
can aid field engineers with determining the correct time for finishing, it still needs to be fully 
developed considering factors such as changing weather conditions outside the lab. A limitation 
of this method also might be the high accuracy required of the infrared camera.  
 
Figure 4-2. Relationship between heat transfer and bleeding time of concrete mixtures 
4.4.2.! Effect of Finishing  
The results of salt-scaling tests for different binary systems are shown in Figure 4-3. The 
results show that both the slag content and finishing have significant influence on salt-scaling 
resistance. It can generally be observed that mixtures finished after bleeding is stopped (finishing 
b) have superior performance compared to the other finishing practices, while the worst 
performance is achieved by samples that were finished early (finishing a). For example, with 
respect to the plain mixture, finishing after bleeding stopped reduced salt scaling from ~800 
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gr/m2 to ~200 gr/m2, compared to earlier finishing. Considering that all the samples continued to 
bleed for up to 100 minutes (Figure 4-2), this can be attributed to the fact that early finishing 
results in trapped water under the finished surface, resulting in a weak surface layer. When 
considering the mixtures made with 60% slag replacement, however, it can be observed that in 
contrast to other mixtures the worst performance was achieved by the sample that was finished at 
its initial setting time (finishing c), improving with earlier finishing. This is due to the slump loss 
of the 60% slag specimens that were no longer workable, and the mortar could not be brought to 
the surface (Figure 4-4). Therefore, it is likely that the attempts to finish those samples damaged 
the surface to some extent, resulting in lower scaling resistance.  
Regardless of finishing time, incorporation of slag cement resulted in higher salt scaling. 
For example, salt scaling of the mixtures made with 40% slag cement is twice that of mixtures 
made with 20% slag cement replacement. Similar results have been obtained by other researchers 
[12,44].  
It has been suggested that the lower resistance of slag concrete to salt scaling, especially 
its fast scaling within the first few cycles, might be attributed to formation of a weak surface 
caused by inadequate finishing [17,32]. However, the effect of finishing time on the abrasion 
resistance of the mixtures, shown in Figure 4-5, reveals that regardless of finishing time, up to 
40% of slag-cement replacement improved abrasion resistance, although at higher slag cement 
replacement, abrasion resistance of the specimens was significantly reduced; most likely because 
not all the cementitious materials participate in the pozzolanic reaction for the case of high slag 
cement replacement.  
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In case of the effect of finishing, it can be observed that for a given mixture the time of finishing 
can influence the abrasion resistance of the mixtures, i.e., with respect to the plain mixture, 
finishing after bleeding had stopped improved the abrasion resistance by up to 40%, compared to 
earlier finishing.  
 
Figure 4-3. Salt scaling of concrete specimens 
 
                                 (a)                               (b)                              (c) 
Figure 4-4. Example of surface finishes of samples made with 60% slag 
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Figure 4-5. Abrasion test results for different binary systems 
4.4.3.! Relationship Between Different Properties 
In order to clarify the mechanism behind the relationship between finishing and salt 
scaling, Figure 4-6 was developed demonstrating the ternary correlation of finishing, abrasion, 
and salt scaling for different binary systems. Although the figure shows initially no clear trend, 
comparisons for a given mixture help developing the following interpretations. For all the 
mixtures investigated in this study, time of finishing contributed to scaling performance of 
concrete by affecting the abrasion resistance of the surface layer. Slag cement replacement (up to 
40%) improved the abrasion resistance, while the slag-cement specimens achieved the lowest 
salt scaling resistance. These results, therefore, confirm that testing the mechanical properties 
and salt scaling of mixtures containing slag as a cement replacement at 28 days or less can be 
misleading. Similar relationship between abrasion resistance and salt scaling is reported 
elsewhere [44].  
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Correlation between compressive strength and salt scaling of the concrete specimens is 
shown in Figure 4-7. Similar to the relationship between abrasion and salt scaling, it can be 
observed from the figure that although slag cement improves compressive strength of the 
specimens, lower scaling resistance is obtained. Among other factors, greater scaling of slag-
cement concrete, while exhibiting improved mechanical properties, has been attributed to 
carbonation of the surface layer of concrete. Stark and Ludwig [45], suggested that this can be 
due to re-crystallization of calcium carbonate at the surface layer in metastable forms (aragonite 
and vaterite) that are soluble in NaCl. In another study [46] they found that after de-icing salt 
reactions only a weakly crystallized calcite exists.  
 
Figure 4-6. Relationship between finishing, abrasion, and salt scaling resistance of the mixtures 
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Figure 4-7. Relationship between compressive strength and salt scaling resistance of the mixtures 
The relationship between spacing factor and salt scaling resistance of the concrete 
mixtures is presented in Figure 4-8. It has been reported by many researchers that independent of 
concrete type, a spacing factors below 250–300 µm can guarantee a scaling resistance concrete 
[47–51]. However, it can be observed from the figure that although the spacing factor of the 
specimens is within the specified range (<0.2&99), many of the specimens exhibited severe salt 
scaling (Figure 4-8 and Figure 4-9). This agrees with recent findings in the literature [17,52,53] 
indicating that ensuring a spacing factor of less than 0.2&99 does not necessarily ensure 
satisfactory scaling resistance of concrete.  
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Figure 4-8. Relationship between spacing factor and salt scaling resistance of the mixtures 
Visual inspection of the mixtures is shown in Figure 4-9. Based on these figures, Table 4-
4 was developed in accordance with BNQ 2621-900 summarizing the visual salt scaling index 
(VSSI) of the specimens. Comparing the results of Figure 4-9 and Table 4-4 confirms the 
previous findings of this paper and shows potential for allowing the use of mass loss approach as 
a less subjective and more informative way of evaluating salt-scaling performance of the 
specimens.  
Table 4-4. Visual salt scaling index (VSSI) of concrete specimens in accordance with BNQ 
2621-900 
 
Finishing Slag Content 0% 20% 40% 60% 
a 3 4 5 5 
b 1 2 5 5 
c 1 3 4 5 
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Figure 4-9. Visual inspection of specimens 
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4.5. Conclusions 
This study has investigated the effect of finishing time on surface structure and salt-
scaling resistance of concrete samples made with different binary systems, as well as the 
relationship between these parameters. Three different finishing times: immediately after 
fabrication, after bleeding stopped, and at initial setting time, were applied. In addition, a novel 
procedure was investigated for monitoring the bleeding time of fresh concrete. The general 
highlights of the study are as follows: 
-! Based on the results obtained in this study, there is no clear relationship between spacing 
factor and salt scaling. This implies that ensuring a spacing factor of less than 0.2&99 
does not necessarily pledge satisfactory scaling resistance of concrete. 
-! Slag-cement replacement improved mechanical properties, while resulted in lower salt-
scaling resistance. Therefore, salt scaling assessment based on mechanical properties of 
mixtures containing different slag-cement replacement levels at 28 days or less can be 
misleading. 
-! In general, delaying finishing after bleeding is stopped was found to be the most 
beneficial practice, while the worst performance (abrasion and salt scaling) was attained 
with early finishing. In addition, finishing at the time of initial set improved the scaling 
resistance to some extent, compared to early finishing.  
-! The investigated procedure for monitoring the bleeding time was found to be feasible, 
although more data needs to be collected and correlated with field experience to consider 
it definitive. The required accuracy of the infrared camera, rate of evaporation, and 
ambient temperature might be limitations.  
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4.6. Future Work 
Assessment of concrete bleeding duration is of interest to field engineers and future work 
may include conducting the proposed testing method in different weather conditions. In addition, 
more research is required to investigate the effect of slag-cement replacement on salt scaling 
resistance of concrete. A future activity may include the comparison of hydration products on 
different layers of concrete containing plain cement with those of slag-cement concrete, and the 
reactions of these products with de-icing salt. 
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CHAPTER 5.   !EFFECT OF CURING REGIMES ON MECHANICAL AND SALT-
SCALING PERFORMANCE OF CONCRETE CONTAINING SLAG CEMENT 
A journal paper submitted to Journal of Construction and Building Materials 
Kamran Amini11, Halil Ceylan12, Peter Taylor P.E13 
5.1. Abstract 
This paper is focused on evaluating the impact of curing on concrete performance, and 
correlating mechanical performance to salt-scaling resistance of concrete. The performance of 
the mixtures was determined through air-void system, sorptivity, and abrasion tests. A total of 
seven different curing regimes were applied to mixtures made with different binary systems 
containing 0%, 20%, 40%, and 60% slag cement. The results obtained showed that curing affects 
salt-scaling potential by changing sorptivity and abrasion resistance of the mixtures. While slag-
cement replacement reduced the scaling resistance of the mixtures, a replacement of up to 40% 
improved the mechanical properties. In addition, no correlation was observed between salt 
scaling and the air-void system. 
Keywords: salt scaling, mechanical properties, slag cement, curing. 
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5.2. Introduction 
While the impact of concrete deicers on salt scaling has been the subject of considerable 
research over the past several decades [1–6], there are still challenges to understanding the 
factors that influence salt-scaling resistance of concrete. For example, it is now recognized that 
“total air content” alone is not a sufficient measure of an air-void system and does not 
necessarily guarantee adequate scaling resistance of concrete [7,8]. As a result, the spacing factor 
[9] has been used by many researchers as a parameter for assessing resistance of concrete to 
scaling. However, there are studies that report no clear relationship between the air-void system 
and scaling performance. Liu and Hansen [10] showed that, for concrete samples with identical 
water-to-binder (w/b) ratio or identical cement content, varying air content and ensuring a 
spacing factor below a specified critical value, (200-250 µm) [1,11–14], does not affect scaling 
performance, while many researchers agree that proper air entraining is the key parameter for 
minimizing the physical effects of deicers [1,6,11–18].  
Moisture absorption is another factor known to correlate with concrete scaling resistance 
[19–22]. Gagné, et al., [23] analyzed the relationship between scaling resistance and sorptivity of 
concrete surfaces. Their study included evaluation of salt-scaling potential of five types of air-
entrained concretes containing cementitious materials (25%–35% fly ash, 25–35 slag, 1%–2% 
silica fume). According to their results, lengthening of the concrete moisture-curing period 
systematically decreases sorptivity and improves scaling resistance. Similar results were 
obtained by Liu and Hansen [22] who reported that the extent of surface scaling is affected by 
the capillary transport property of a porous cementitious system.  
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Evidence also suggests that surface hardness is among the factors affecting the scaling 
resistance of concrete. Glinicki and Zielinski [24] investigated scaling resistance of concrete 
containing circulating fluidized bed combustion (CFBC) fly ash in which the air-void system 
characteristics reflected air content between 5.26% and 7.08% and a spacing factor between 0.13 
and 0.23 mm. Their observations confirmed the significance of both the surface hardness and the 
air-void system on salt-scaling resistance, with a more significant influence of surface hardness 
than that of air entrainment. Similar results were obtained by Tremblay, et al., [25], although in 
that study air entrainment exhibited greater significance than surface hardness.  
There is a lack of general agreement regarding the effect of air entrainment on concrete 
salt-scaling resistance, requiring additional research combined with investigation of the effects of 
capillary porosity and surface hardness. In addition, the impact of workmanship, including 
finishing and curing, is not well understood. Inadequate curing not only affects the mechanical 
properties of concrete, it also leads to a more vulnerable surface [26] that will be more 
pronounced when supplementary cementitious materials (SCMs) are used as a cement 
replacement [27–29]. It has been shown by numerous researchers that incorporation of slag 
cement leads to lower salt-scaling resistance [2,29–31], possibly reflected by two main 
mechanisms; early finishing of slag-cement concretes and inadequate curing. Because of longer 
time of initial setting, early finishing of slag-cement concrete may result in trapped water below 
the surface forming a weak layer close to the concrete’s skin, while inadequate curing may result 
in hindering the slow pozzolanic reactions. However, these theories need to be further 
investigated. Although, curing has been extensively studied during the past few decades [32–36], 
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less attention has been paid with respect to its effect on salt-scaling resistance of concrete, 
especially when concrete contains slag cement.  
An experimental investigation was undertaken to evaluate the impact of different curing 
regimes on the factors that influence the scaling performance of concrete as well as the 
relationship between the aforementioned parameters. The correlation between the air-void 
system and salt scaling was also investigated for different binary systems.   
5.3. Experimental Procedure  
5.3.1. Materials and Mixing Procedure  
Type I portland cement was used, and slag cement was incorporated into four different 
binary systems. Table 5-1 presents the chemical and physical characteristics of the cementitious 
materials utilized. A polycarboxylate-based high-range water reducing admixture (HRWRA) and 
a vinsol-based air-entraining admixture (AEA) were used with their dosage rates adjusted to 
secure initial slump and air content values of 50 ± 10 mm and 5–9 %, respectively.  
Table 5-1. The chemical analysis of the cementitious materials used in the concrete mixtures (%) 
Chemical composition Cement Slag cement 
Alkalis (Na2Oe) 0.08 0.26 
Loss on ignition 2.2 0.75 
Insoluble residue 0.7 - 
Free lime 0.8 - 
SiO2 20.22 37.20 
Al2O3 4.43 9.48 
Fe2O3 3.19 0.47 
CaO 62.71 40.10 
MgO 3.51 10.99 
SO3 3.24 1.11 
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A continuously-graded crushed limestone aggregate with 19-mm nominal maximum 
aggregate size (NMSA) was selected. The coarse aggregate had a bulk specific gravity of 2.68 
and an absorption value of 0.81 %. A well-graded limestone sand with a fineness modulus of 
2.97, absorption value of 1.5%, and specific gravity of 2.62 was used.  
Four concrete mixtures with different binary combinations of slag cement (ground 
granulated blast furnace slag) were prepared, with the mixture proportions given in Table 5-2. A 
water-to-cementitious material (w/cm) ratio of 0.48 was used for all mixtures. The mixing 
sequence started with adding AEA diluted in 1/ 3 of the mixing water into the coarse aggregate, 
and mixing until foam formed, followed by homogenizing the sand and coarse aggregate for 30 
sec. The cementitious materials along with the remaining water were then added to the mixer. 
The concrete was mixed for 3 min and kept at rest for 3 min, before remixing for 3 additional 
minutes.   
Table 5-2. Mixture compositions 
Mix 
No. 
AEA 
(ml) 
Slag 
(%) 
 
w/cm  
 
Materials (kg/m3) 
Cement Slag 
Coarse 
Agg. 
Fine 
Agg. 
Intermediate 
Agg. Water 
1 305 0 
0.48 
 
 
326 0 832.4 674.6 330.5 
156.6 
 
 
2 240 20 261 65 831.2 673.4 330.3 
3 200 40 196 130 829.4 472.2 329.9 
4 200 60 130 196 828.2 671.0 329.3 
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5.3.2. Curing Regimes and Testing program 
Seven sets of samples were prepared for each mix. Immediately after casting, specimens 
were covered with plastic sheeting for 24 hr, at which time they were demolded. After 
demolding, the specimens were subjected the following curing regimes: 
-! 28m ASTM: 28 days of standard moist curing and 14 days of air curing in accordance 
with the current ASTM C 672/C 672M [37]. 
-! 28m BNQ: BNQ 2621-900 [38], 28 days of standard moist curing and 14 days of air 
curing followed by 7 days of pre-saturation. 
-! 7m and 3m: 7 and 3 days of moist curing followed by 14 days of air drying and 7 days of 
pre-saturation. 
-! 3c, 7c, and 28c: white pigmented membrane-forming curing compound was applied to 
the surface of specimens immediately after finishing. Specimens were left for 3, 7, and 28 
at room temperature of 24 ± 2 oC prior to 14 days of air drying and 7 days of pre-
saturation. Curing compound was removed from the surface of 3c specimens after 3 days 
to stop curing. For 28c regime, additional curing compound was applied to the surface of 
specimens after each 7 day for 21 days. No additional curing compound was applied on 
7c and 28c specimens at their age of 7 and 28 days, respectively. 
The last two (3 and 7 days of curing) regimes would be more practical in the field. 
5.3.3. Testing Procedure  
The abrasion resistance of each specimen was determined using a rotating-cutter drill 
press in accordance with ASTM C944 [39]. The surface of the specimens was subjected to the 
rotating cutter for 2 minutes. After all dust was removed the cylinder was weighed, and the 
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procedure was repeated on two specimens for a total of 3 cycles, after which the total mass loss 
was averaged and reported.   
The sorptivity was conducted on cylinders of size 100×50 mm, per ASTM C1585 [40]. 
The surface of the cylinders was placed in contact with water and the mass of absorbed water 
through capillary sorption was determined at different times over a total span of 9 days. 
Scaling specimens were cast in accordance with the BNQ NQ 2621-900 [38] test method 
that requires rectangular prisms with size of 300×200×82 mm or an equivalent surface area of 
0.06 m2. After applying the specified curing regime, 7 days of pre-saturation was carried out 
using a brine with 3% NaCl concentration. The specimens were then subjected to freezing and 
thawing (F-T) cycles with freezing and thawing periods of 16 hr and 8 hr, respectively. The F-T 
cycle testing was conducted for 45 days. After every 5 cycles, the surface of each specimen was 
washed with a de-icing solution, and the residues collected and dried in an oven at 110 oC for 24 
hr, after which the weight of the dried residues was measured and the average of the two 
specimens was reported. No pre-saturation was applied to the specimens that were cured based 
under ASTM C 672/C 672M [37]. 
A RapidAir 3000 automatic image analysis system compatible with ASTM C457 [41] 
was used to perform air-void analysis on the hardened mixtures. Square specimens of 100 × 100 
mm were cut from the middle of the cylinders perpendicular to the surface.  
Compressive strength testing was performed on 100 × 200 mm concrete cylinders 
according to ASTM C39 [42]. Three cylinders were used for each test and the average was 
reported. 
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5.4. Results and Discussion 
5.4.1. Salt Scaling 
The results of salt-scaling tests for different binary systems are presented in Figure 5-1. 
The results show that both the slag-cement replacement and curing regime have significant 
influence on salt-scaling resistance. For example, incorporation of 60% slag cement resulted in 
three times greater scaling for the 28m BNQ mixture than for that of the plain mixture (0% slag 
cement). For the slag-cement specimens, scaling began with a rapid loss of surface over the first 
few cycles, followed by slower mass loss over time. This rapid loss of surface was relative to 
slag-cement replacement. 
With respect to curing regimes, the worst performance was achieved by the compound-
cured samples, followed by mixtures with less moist curing time. The effect of curing method 
appeared to be more significant in the slag-cement specimens. In addition, it is evident that the 
length of curing is even more important than the method used, and should be continued as long 
as possible, especially when the concrete contains slag cement. This is not surprising because 
compared to cement, slag-cement concrete will have a lower degree of hydration at earlier ages. 
Therefore, the most effective method for curing concrete must be chosen based on the mixture 
proportion, construction methods, and desired hardened properties. In case of the plain concrete, 
3 days of moist curing and 28 days of compound curing resulted in the same salt-scaling 
performance.  
Visual rating of the samples is illustrated in Figure 5-2 and Figure 5-3. Based on these 
figures, Table 5-3 lists the visual salt-scaling index (VSSI) values of the specimens. Figure 5-4 
also compares the results in Figure 5-1 with those in Table 5-3. It can be observed that for a 
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given mass loss, VSSI may greatly vary. For instance, mass loss of the specimens with a VSSI of 
2, is changing from less than 1000 gr/m2 to higher than 2000gr/m2 (Figure 5-4), suggesting the 
use of a mass-loss approach as a less subjective and more informative way of evaluating the salt-
scaling performance of concrete.  
 
Figure 5-1. Salt scaling of concrete specimens 
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Figure 5-2. Visual inspection of moist cured mixtures 
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Figure 5-3. Visual inspection of compound cured mixtures 
Table 5-3. Visual salt-scaling index (VSSI) of concrete specimens based on BNQ 2621-900 
classifications 
 
Curing Regime Slag Content 0% 20% 40% 60% 
28m BNQ 2 2 3 5 
28m ASTM 2 2 4 5 
7m 2 3 3 4 
3m 3 2 3 4 
28c 3 4 5 5 
7c 3 4 5 5 
3c 2 4 4 5 
Note: (0) No significant scaling, (1) No pop-outs, (2) presence of few pop-outs, (3) some 
exposed coarse aggregate, (4) clearly exposed coarse aggregates, (5) coarse aggregates visible 
through the entire surface 
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Figure 5-4. Visual salt scaling index (VSSI) versus salt scaling mass loss 
5.4.2. Mechanical and Durability Properties 
The effect of spacing factor on salt-scaling resistance of the concrete mixtures is shown 
in Figure 5-5. Conventional wisdom suggests that for spacing factors below 250–300 µm, the 
scaling resistance is satisfactory, independent of concrete type [1,11–14]. Although the spacing 
factors of all the specimens are within the acceptable range (<0.2&99), many of the specimens 
clearly suffered from severe salt scaling (Figure 5-2 and Figure 5-3). This agrees with recent 
findings in the literature [2,43,44] indicating that a spacing factor less than 200&89 does not 
guarantee scaling resistance of concrete. In addition, it can be observed from the figure that there 
is no correlation between salt scaling and spacing factor for the mixtures tested in this study. 
This may be attributed to the fact that the relationship between scaling and air-void system 
depends more on other concrete properties such as sorptivity and surface hardness of the 
concrete.  
110 
 
 
 
 
Figure 5-5. Effect of air-void system on salt scaling performance of the concrete mixtures 
The effect of sorptivity on scaling resistance of concrete specimens is shown in Figure 
5-6 for different binary systems. It is evident that for a given mixture, scaling reduces with a 
decrease in sorptivity. Moreover, it can be observed that incorporation of slag cement improves 
sorptivity of the concrete. Such reduced sorptivity reflects a finer pore structure that would 
inhibit ingress of aggressive elements into the pore system [45]. On the other hand, scaling 
systematically increased with increasing slag-cement content. Although slag cement improved 
sorptivity and inner structure of mixtures, the deteriorating effect of slag-cement replacement in 
terms of salt scaling resistance of concrete is more dominant than improvement associated with 
sorptivity.  
With respect to curing, it is evident that adequate curing may reduce the correlation 
between sorptivity and salt scaling. For example, when samples are moist cured, scaling 
resistance may vary by length of curing while exhibiting similar sorptivity. When not properly 
cured, on the other hand, scaling increases with higher sorptivity. This implies that the 
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correlation between scaling and sorptivity is relative, and other parameters (e.g. curing regime, 
surface hardness, and mixture proportion) should be taken into consideration before any further 
inferences.  
The relationship between abrasion and salt scaling of the mixtures is shown in Figure 5-7. 
It depicts a fairly linear relationship between the abrasion values and scaling resistance, for a 
given level of slag-cement replacement. Like sorptivity, abrasion was found to be highly 
influenced by curing method and length. Although replacement of slag cement up to 40% 
improved the abrasion resistance of the mixtures, a higher slag-cement content reduced their 
surface hardness, most likely because not all the cementitious materials participate in the 
pozzolanic reaction for the case of high slag-cement replacement. Moreover, it can be seen that 
for a given abrasion resistance, salt scaling may vary depending on the slag-cement content. 
Slag-cement replacement (up to 40%) improved the abrasion resistance, while resulted in higher 
salt-scaling. 
Similar results were obtained with respect to the relationship between salt scaling and 
compressive strength (Figure 5-8) that shows a decrease in scaling with increasing compressive 
strength. This is not surprising, because when bleeding is negligible, the specimen would be 
expected to be uniform, and the surface hardness of the specimen would, therefore, be a 
reflection of the compressive strength.  
Common belief is that lower resistance of slag-cement concrete is due to a slower rate of 
hydration that will result in lower mechanical properties at early ages. This statement might be 
true when the curing regime is poor. However, reviewing the results in Figure 5-6 to Figure 5-8 
shows otherwise for properly cured samples.  
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Figure 5-6. Effect of sorptivity on salt scaling performance of the concrete mixtures 
 
 
Figure 5-7. Effect of surface hardness (abrasion) on salt scaling performance of concrete 
mixtures 
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Figure 5-8. Effect of compressive strength on salt-scaling performance of the concrete mixtures 
 
Figure 5-9 is developed to schematically present this complex relationship for a given 
w/cm and air content. Although slag-cement replacement resulted in improved mechanical 
properties (abrasion, sorptivity, and compressive strength), slag-cement concretes delivered 
lower scaling resistance, worsened with increasing slag-cement replacement. Therefore, 
predictions of salt-scaling resistance of concrete must be based on a complex interaction between 
mechanical, chemical, and air-void properties of the system. 
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Figure 5-9. Schematic relationship between slag-cement content and concrete properties 
5.4.3. Relationships Between Curing and Concrete Performance 
Figure 5-10, Figure 5-11, and Figure 5-12 illustrate the relationships between curing and 
salt scaling with sorptivity, abrasion, and compressive strength, respectively, for different binary 
systems. Similar trends can be observed in all three figures in which the scaling is increased by 
higher slag-cement replacement  
According to Figure 5-10, sorptivity is not the main parameter controlling salt-scaling 
resistance, but can have a significant impact on scaling performance of concrete depending on 
curing regime and mixture proportion.  
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Figure 5-10. Relationship between curing, sorptivity, and salt scaling resistance of the concrete 
mixtures 
It can be seen in Figure 5-11 and Figure 5-12 that both abrasion resistance and 
compressive strength are highly susceptible to curing method and length of curing, and are 
directly correlated with salt-scaling performance. These results confirm that although there is a 
direct relationship between the mechanical properties (sorptivity, abrasion, and compressive 
strength) and salt scaling, testing the mechanical properties and salt-scaling of mixtures 
containing slag cement at 28 days or fewer can be misleading. In other words, these relationships 
are difficult and challenging to be quantified, because they are affected by each other and the 
mixture proportion. For example, it was observed that for a given mixture increasing the abrasion 
resistance improved salt scaling of the specimens. On the other hand, a mixture with 40% slag 
replacement and 7 days of moist curing, although exhibited improved sorptivity and abrasion 
resistance than a plain mixture with the same curing, delivered lower salt-scaling resistance.  
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Figure 5-11. Relationship between curing, surface hardness (abrasion) and salt scaling resistance 
of the concrete mixtures 
 
Figure 5-12. Relationship between curing, compressive strength and salt scaling resistance of the 
concrete mixtures 
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5.5. Conclusions 
This study investigated the significance of curing regime choice on the main factors that 
influence the scaling performance of concrete containing between 0%, and 60% slag-cement 
replacement.  
-! No correlation was observed between the air-void system and salt-scaling of the mixtures 
in this study, indicating that ensuring a spacing factor of less than 20089 does not 
necessarily guarantee satisfactory scaling resistance of concrete. 
-! It was found that for a given mixture, salt-scaling is a function of sorptivity and abrasion 
resistance of concrete, while curing was found to have a significant impact on both 
sorptivity and abrasion resistance of concrete.  
-! With respect to curing regimes, the worst performance was achieved by compound cured 
samples, followed by those experiencing shorter moist curing times. For plain concrete, 3 
days of moist curing and 28 days of compound curing resulted in the same salt scaling 
performance. The effect of choice of curing regime appears to be more significant when 
considering slag cement specimens. 
-! There appears to be a poor relationship between sorptivity and abrasion, and scaling 
resistance for higher slag contents, indicating that these parameters do not explain the 
change in performance.  
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CHAPTER 6.   ! DEVELOPMENT OF PREDICTION MODELS FOR MECHANICAL 
PROPERTIES AND DURABILITY OF CONCRETE USING COMBINED NON-
DESTRUCTIVE TESTS 
A journal paper submitted to ASCE Journal of Materials in Civil Engineering 
Kamran Amini14, Kristen Cetin15, Halil Ceylan16, Peter Taylor P.E17 
 
6.1. Abstract 
 For several decades, researchers have attempted to develop statistical models through 
individual and combined use of ultrasonic pulse velocity (UPV) and rebound hammer data to 
enhance the prediction of concrete compressive strength and durability. This study proposes 
statistical univariate and multivariable regression models to predict compressive strength, 
abrasion, and salt scaling of concrete using UPV and rebound hammer measurements. Stepwise 
regression analysis was undertaken to develop the proposed models that were then validated 
using independent data. A scaling quality classification table using rebound hammer, and based 
on a k-means clustering algorithm is also proposed. The results support the combined use of 
UPV and rebound hammer to predict compressive strength. On the other hand, rebound hammer 
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values are the only statistically-significant variables to predict abrasion and salt-scaling 
resistance of concrete. Concrete properties had significant impact on the mean and dispersion 
values of UPV and rebound number (RN). The procedures used in this paper for model 
development can serve as a general guideline for developing statistically valid univariate and 
multivariable regression models for other applications when predicting concrete properties. 
Author Keywords: Predictive modeling, Model selection, Mechanical properties, Durability, 
Nondestructive testing. 
6.2. Introduction 
Nondestructive tests (NDTs) are commonly used for quality control of concrete structures 
to ensure ongoing adequate performance throughout their service lives. Many NDT methods 
have been developed and implemented for this purpose, including ultrasonic pulse velocity 
(UPV), rebound hammer, Impact-Echo, maturity, and ground penetrating radar measurements 
[1–5].  
While a great deal of research has been conducted in recent decades to advance the 
application of NDTs for in-situ prediction of concrete compressive strength [6–11], there still is a 
lack of research regarding implementation of NDTs for evaluation of the mechanical and 
durability properties, including abrasion and salt scaling resistance.  
Among available NDT methods, UPV and rebound hammer are the most commonly used 
for assessing concrete compressive strength [8,12,13]. Amini, et al., [8] developed predictive 
models for concrete compressive strength using individual and combined UPV and rebound 
number (RN) and concluded that combining approaches that use two or more in-place testing 
methods can lead to more accurate and reliable predictions. Similar results are reported by other 
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researchers [8,12,14]. Ravindrajah, et al., [15] reported combined use of UPV and rebound 
hammer, with promising results, to predict compressive strength of recycled-aggregate concrete. 
Kheder [16] examined concrete strength prediction using concrete mixture properties in 
conjunction with UPV and rebound hammer, and in comparing their results with field data, they 
achieved desirable predictive accuracy. The results of each NDT is influenced by various 
concrete properties [17–19], so challenges in predicting a concrete property using only an 
individual NDT may lead to considerable uncertainties, and using a combination of NDTs can 
achieve more reliable predictability. For example, variation of concrete moisture content can 
affect the results obtained by UPV to predict concrete compressive strength. GPR and electrical 
resistivity are influenced by both concrete moisture content and porosity, [20]. Rebound hammer 
results are mostly reflected by properties near the concrete surface, and are highly affected by 
concrete homogeneity.    
On the other hand, there are studies on combined usage of NDTs that have yielded 
different conclusions. For example, Breysse [2] concluded that the effectiveness of combining 
the evaluation of two or more NDTs has been controversial. Moreover, Carvalho, et al., [21] 
applied statistical techniques to evaluate the reliability of UPV and rebound hammer to evaluate 
compressive strength of concrete in bridges, with results that revealed a lack of consistency in 
the correlation of UPV and rebound hammer on four tested bridges. ACI 228.1R-03 [22] has also 
reported that a combination of NDTs only provides marginal improvement over a single method. 
Therefore, one should investigate the individual use of each NDT prior to their combined use. 
Several techniques are available to predict concrete properties based on combined NDT 
measurements, including computational modeling based on the modeling of complex physical 
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phenomena [23], artificial intelligence-based methods such as fuzzy logic [24], artificial neural 
networks (ANN) [25] as nonparametric statistical tools, and parametric multivariate regression 
models [26]. Among these, multivariate regression models are easier to use in practice for 
assessing future applications (e.g., for in-situ assessment of concrete structures) [12], because 
this method typically can use smaller datasets to develop a model, and the effects of just one unit 
change of an independent variable can be evaluated.  
A number of parametric regression models using both individual and combined UPV and 
rebound hammer measurements to predict concrete compressive strength have been developed 
[8,9,27–29]. In addition to the NDT measurements, other variables may be needed in the model 
to improve the prediction accuracy. Because available regression models have been applied only 
to predict concrete compressive strength, robust regression models are needed for prediction of 
other concrete properties.  
In this study, an experimental investigation was undertaken to assess the suitability of 
using UPV and RN to predict mechanical properties and durability of concrete made with 
different w/cm, amounts of slag cement, air content, curing regimes, and finishing times. 
Statistical regression models were constructed to predict compressive strength, abrasion, and salt 
scaling of concrete considering the individual and combined UPV and RN measurements. The 
mixture proportion variables included: w/cm, air content, slag cement content, curing regime, 
and finishing time. A stepwise regression model selection method [30] was used to obtain 
reliable estimates of the model parameters. Root mean square error (RMSE), Akaike information 
criterion (AIC), and Bayesian information criterion (BIC) were used to determine the most 
appropriate final model. The normality of the models was then checked through evaluation of the 
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normal probability and diagnostic residual plots and the p-values of the model parameters, within 
the 95% confidence intervals. The validated models were then used with a set of independent 
input data to determine their performance. 
6.3. Objective and Research Significance 
While procedures for predicting concrete strength with nondestructive tests (NDTs) have 
been widely used, these measurements have failed to evolve other concrete mechanical 
properties and durability, i.e., no NDT-based statistical model was found in the literature that can 
aid in estimating abrasion and salt-scaling resistance of concrete. Therefore, multivariate 
regression models based on such tests results are developed and verified for accuracy through 
prediction of independent data. This research can help engineers in the field to understand which 
variables significantly contribute to accurate prediction of concrete mechanical properties and 
durability, including compressive strength, abrasion, and salt scaling using UPV and rebound 
hammer measurements.  
6.4. Experimental Procedure and Data Collection 
 6.4.1. Materials  
Type I ordinary Portland cement (OPC) was used for all mixtures. Class C fly ash (FA) 
and slag cement (ground granulated blast furnace slag) were incorporated into binary and ternary 
systems. Table 6-1 tabulates the physical and chemical characteristics of the utilized 
cementitious materials. Polycarboxylate-based high-range water-reducing admixture (HRWRA) 
and vinsol-based air-entraining admixture (AEA) were employed, with dosage rates of the 
HRWRA (200 to 390 mL/100 gr of cementitious) and AEA (60 to 120 mL/100 gr of 
cementitious) adjusted to secure an initial slump and air content values of 50 ± 10 mm and 2–9 
127 
 
 
 
%, respectively. Continuously-graded crushed limestone aggregate with 19 mm nominal 
maximum size of aggregate was used. The sand-to-total aggregate volume ratio was fixed at 
0.37. Well-graded limestone sand with a fineness modulus of 2.97 with an absorption value of 
1.5% and a specific gravity of 2.62 was used. The coarse aggregate had a bulk specific gravity 
and an absorption value of 2.68, and 0.81 %, respectively.  
Table 6-1. The chemical analysis of the cementitious materials used in the concrete mixtures (%) 
Chemical composition Cement Fly ash Slag 
Alkalis (Na2O) 0.08 1.64 0.26 
Loss on ignition 2.2 2.65 0.75 
Insoluble residue 0.7 - - 
Free lime 0.8 - - 
SiO2 20.22 36.71 37.20 
Al2O3 4.43 19.42 9.48 
Fe2O3 3.19 6.03 0.47 
CaO 62.71 25.15 40.10 
MgO 3.51 4.77 10.99 
SO3 3.24 1.97 1.11 
 
6.4.2. Mixing Design and Procedure 
The concrete was prepared in 100-L batches using a 150-L pan mixer. The mixing 
sequence consisted of introducing air entraining agent (AEA) diluted in 1/3 of the mixing water 
to the coarse aggregate and mixing until formation of foam. The sand and coarse aggregate were 
homogenized for 30 seconds before introducing the cementitious materials along with the 
remaining water. The concrete was mixed for 3 minutes followed by 3 minutes rest, and 
remixing for 3 additional minutes.  
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6.4.3. Data Collection 
Table 6-2. Range of variables and responses for calibration and validation data sets used to 
develop the model 
# 
Variables 
Range 
 Calibration Validation 
1 w/cm  0.35 to 0.55 
2 Slag cement (%) 0 to 60 
3 Fly ash (%) 20 
4 Vp/Vv (%) 100 to 200 
5 Air content (%) 2 to 15 
 
 
6 Finishing time 
 
-! After fabrication 
-! After bleeding slows down/stops 
-! At the time of initial setting 
 
7 Curing regime 
-! Moist curing; 3, 7, 14, 28 days 
-! Curing compound; 3, 7, 14, and 28 
days 
8 Rebound number 3 to 56 6 to 48 
9 Ultrasonic pulse velocity (m/sec) 3700 to 5500 4200 to 5400 
#         Responses Calibration Validation 
1 Compressive strength (MPa) 15 to 70 17 to 66 
2 Abrasion (gr) 1.6 to 26 3 to 26 
3 Salt scaling (gr/m2) 100 to 5100 200 to 4750 
 
A total of 68 concrete mixtures were prepared with different binary and ternary systems 
of fly ash and slag cement, w/cm, and air content, finishing time, and curing regimes. The 
collected data are divided into two groups; Group I, including 2/3 of the dataset (45 data points), 
was used as to provide calibration data for the model development consisting of model parameter 
assessment and model selection, while Group II, including 1/3 of the randomly-selected dataset 
(23 data points) was used as independent data for validation; to check the performance of the 
developed models. Table 6-2 gives the ranges of the variables and responses for the calibration 
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and validation data sets. The fly ash and slag cement were incorporated by volume of total binder 
as a partial replacement of cement.  
6.4.4. Testing Program  
6.4.4.1. Non-destructive tests 
Rebound hammer and ultrasonic pulse velocity (UPV) tests were conducted on 7×10×40 
cm beams compatible with ASTM C805 [31] and ASTM C597 [32], respectively. In case of 
rebound hammer, all the specimens were secured to limit movement. Two specimens were 
tested, and at least 10 readings were obtained from each sample with their average used to 
determine the rebound number (RN) for each mixture. Direct and indirect UPV test methods 
were initially performed using a Pundit Lab Plus instrument on the beams, and due to the 
identical results obtained by the two methods, the testing was continued with only indirect 
method, which is more practical in the field. The transducers were set on the surface of the 
specimens with a 25 cm distance from each other. Such UPV test was repeated three times on 
two specimens and average values were reported.  
6.4.4.2. Mechanical and durability measurements 
The abrasion resistance of the specimens was examined based on ASTM C944 [33], with 
the specimen surface subjected to a rotating-cutter drill press at 100 N for 2 minutes. All dust 
was removed using an air compressor, and the cylinder was then re-weighed. The procedure was 
repeated for 3 cycles on two specimens, and the total mass loss was then averaged and reported.   
Compressive strength testing was performed on 10 × 20 cm concrete cylinders according to ASTM 
C39 [34]. Three cylinders were used in each test and the average measured strength value was 
reported. 
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Scaling resistance of concrete specimens was evaluated in accordance with BNQ NQ 
2621-900 [35] test method. This method requires rectangular prisms with sizes of 30×20×8 cm, 
or an equivalent surface area of 0.06 m2 (Figure 6-1). After designated curing (Table 6-2), 14 
days of air curing in ambient environment, and 7 days of saturation with a 3% NaCl salt 
concentration, the specimens were subjected to freezing and thawing (F-T) cycles with freezing 
and thawing periods of 16 hr and 8 hr, respectively. The F-T cycle testing was conducted for 45 
days. After every 5 cycles, specimen surfaces were washed with a de-icing solution and the 
residues were collected and dried in an oven at 110 oC for 24 hr., after which the weight of the 
dried residues was measured and the average value from the two measurements was reported. 
It should be noted that abrasion, compression, and salt scaling test specimens were 
subjected to various finishing and curing regimes, listed in Table 6-2.  
 
Figure 6-1. Scaling specimens in accordance to BNQ NQ 2621-900 
6.5. Data Modeling  
The analysis began with a univariate linear regression analysis. The regression model is 
presented as follows (Equation 1): 
=&& = >? + A          (1)  
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where = is the response variables, > is the independent variables, B represents unknown 
parameters, and C is the residuals.  In this study, the response variables are compressive strength, 
abrasion resistance, and salt-scaling resistance, while UPV and RN are the independent variables 
or predictors. In the case of a univariate model, only UPV and RN are used in the linear 
regression models to predict the responses. The four different forms of the most widely-used 
regression models used in this study to predict the responses as a function of UPV or RN are: 
(Equation 2) simple linear, (Equation 3) second order polynomial, (Equation 4) power, and 
(Equation 5) exponential models. For each of the responses (Ri), these models can be 
respectively expressed as follows: (Equations 2-5). For the case of RN, the equations are similar. 
E[FG|UPV] &&= βN &+&βOPQ4&                     (2)  E[FG|UPV] &&= βN &+&βOPQ4& +&βRPQ4R          (3)    E[FG|UPV] &&= βNPQ4ST    (4)  E[FG|UPV] &&= βN&USTVW,&&&  (5)  
where X[F] is the expected value of F as a function of UPV, and YG is the coefficient 
estimated from the data using maximum-likelihood estimation method (MLE). These models 
were fitted to the experimental data, and their normality was then assessed before further 
interpretation. 
Prior to multivariate regression analysis, a power transformation analysis was conducted, 
leading to determination that there was no need to transform the responses values. It should be 
noted that in the cases where predictors are either dependent on one another or there is a 
relationship between them, there is a risk of multi-collinearity that can lead to overfitting of the 
model responses [36]. One method to detect multi-collinearity is through evaluation of variance 
inflation factor (VIF). The VIFi for the predictor hi(x) is defined by Equation 6 [36]. 
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4Z[G = & OO\*]^                       (6) 
where FGR is the square of the correlation coefficient obtained from the regression of hi(x) 
on other predictors. Since a VIF value exceeding 5 indicates presence of a multi-collinearity 
issue [36], which was the case in the full model in this study, to obtain reliable estimates of the 
model parameters, stepwise regression analysis (forward selection and backward elimination) 
[30] was used to assess the individual predictive contributions of the predictors, their powers, 
their interaction, and to remove the redundancy caused by the multicollinearity. The process 
involved testing the statistical significance of the predictors using the P-value. The adjusted R-
squared (R2adj), the root means square error (RSME), the Akaike’s information criterion (AIC), 
and the Bayesian information criterion (BIC) were also evaluated to measure the quality of the 
models.  
Forward selection started with a null model with zero variables in the model and 
continued by testing the effect of adding each variable on the root mean square of error (RMSE), 
the Akaike information criterion (AIC), the and Bayesian information criterion (BIC) of the 
model, then adding the variable that improves the model the most. This process was repeated 
until there was no further model improvement. Backward elimination started with a full model, 
including all candidate variables, continued by testing the effect of deletion of each variable on 
the RSME, the AIC, and the BIC, then deleting the least significant variable until all the 
remaining variables are statistically significant. AIC and BIC are measures for model selection 
among a finite set of models; when fitting a model, although adding parameters can increase the 
likelihood, it may result in overfitting. Both the BIC and the AIC resolve this problem by 
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introducing a penalty term for the number of parameters in the model; this penalty is larger for 
the BIC than for the AIC.  
In addition to the variables in Table 6-2, the contributions of the square, the square root, 
and interaction between UPV and RN (i.e., UPV2, RN2, PQ4, and F_, and RN×UPV) were 
tested. These five variables were included so that the proposed full model (including 14 
variables) could be considered a general model. Using stepwise regression analysis, the most 
desirable model for each subset size was identified by maximizing R2adj and minimizing the AIC, 
BIC, and MSRE. Note that different answers might be obtained for the best overall model across 
all the subsets because of different judging criteria for R2adj, AIC, BIC, and RSME. To obtain the 
final model, the validation data from Group II were used to check the statistical significance of 
the model parameters through p-values. 
P-values below 0.05 were considered to represent the significance level for identifying 
the variables with significant impact on the response, and the estimated coefficient of each factor 
refers to the contribution of that factor to the response.  
Finally, since the salt-scaling values have previously been classified [35], a variant of k-
means clustering method was applied using the NDT results to provide more information with 
respect to the relationship between salt scaling and the NDTs. The number of clusters were 
chosen iteratively through an optimization procedure outlined in [37]. The algorithm 
(kMeans++) iteratively minimizes the sum of distances of each observation from its cluster 
centroid over all clusters to partition the data into mutually exclusive clusters. The result of this 
concrete classification is expected to be beneficial for both researchers and field engineers in 
making a quick/rough estimate on concrete salt-scaling resistance and quality. 
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6.6. Results and discussion 
6.6.1. Univariate Models  
Linear regression analysis using models 2 to 5 (Eq. 2-5), to predict the calibration data of 
compressive strength, abrasion, and salt scaling, are shown in Figure 6-2, with the corresponding 
equation and R-squared values also given in the figure. While the results of the four regressions 
were nearly identical (i.e. similar trends and R-squared values) for compressive strength, with 
respect to abrasion and salt scaling prediction, it is evident that the power model is the least 
desirable model that may overestimate the responses when the RN and UPV values are smaller 
than 20 and 4500m/sec, respectively.  
To check the normality of the predicted values, Figure 6-3 illustrates the normal 
probability plots and corresponding p-values from the linear models only, for brevity. A p-value 
less than 0.05 indicates that the underlying distribution is not normal. It can be seen in the figure 
that the normality assumption is met only for predicted compressive strength using UPV, and for 
predicted abrasion and salt scaling is met only using rebound hammer. The same results were 
observed for the other investigated models, indicating that a second-order polynomial model, 
among those tested, is the most adequate model for statistical inference and predictions. Pursuant 
to the goal of this study, the developed polynomial models were next used to predict the 
independent data, and the resulting residual plots (error in results) of those predictions are given 
in Figure 6-4. 
In the case of compressive strength, the residuals appear to have a pattern (Figure 6-4a), 
implying that the model may have a systematic bias when applied to independent data. This 
result is in agreement with results of other studies [17,18,38]. On the other hand, with respect to 
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to abrasion and salt scaling (Figure 6-4b and c), it can be seen that residual plots are normally 
scattered and are not following a specific pattern, indicating that rebound hammer can be 
individually used for prediction of concrete abrasion and salt-scaling resistance. 
 
Figure 6-2. Regression analysis results using simple linear, second order polynomial, power, and 
exponential models; relationship between UPV and RN number with mechanical properties and 
durability of concrete 
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Figure 6-3. Normal probability plot of linear models based on UPV and RN 
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Figure 6-4. Residuals of second order polynomial model based on UPV and RN for (a) 
compressive strength (b) abrasion, and (c) salt scaling using independent data 
6.6.2. Multiple Regression Model  
The effects of mixture proportion (slag cement content: 0 and 40%, and w/cm: 0.35 and 
0.55) on the UPV and RN measurements are shown in error bar charts in Figure 6-5 depicting the 
mean values of the UPV and RN measurements at a 95% confidence interval. The mean and 
dispersion values varied across different groups, indicating that the w/cm and the slag cement 
content impacted both the UPV and RN results. Similar results were obtained with respect to air 
content, curing regimes, and finishing time, i.e., mean and dispersion values varied across 
different groups for each of these models, so to prevent overfitting and multi-collinearity 
problems, these variables were discarded, and the analyses only used variables RN, UPV, UPV2, 
RN2, PQ4, and F_, and RN×UPV. The variables, their corresponding coefficients, and the 
statistical significance of each variable are tabulated in Table 6-3 and Table 6-4. 
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Figure 6-5. Error bar chart for relationship between (a) UPV (b) RN with w/cm and slag content 
For multivariate regression analysis, the calibration data (Group I) was used to develop 
the models, and the predictions along with the residual plots are shown in Figure 6-6 to Figure 
6-8. The derived mathematical equations adjusted R-squared (R2adj), AIC, and BIC values of the 
modeled responses are summarized in Table 6-3 and Table 6-4. As previously discussed, 
compressive strength appeared to not be adequately predicted using a univariate model based on 
UPV, while these results show that abrasion and salt scaling can be better predicted using only 
RN with a second-order polynomial regression.  
 
Figure 6-6. Comparison between measured and predicted responses for multivariate models 
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Figure 6-7. Comparison between measured and predicted responses for multivariate models 
 
Figure 6-8. Comparison between measured and predicted responses for multivariate models 
developed using the calibration data (Group I) 
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Table 6-3. ANOVA results and estimated coefficients of modeled responses 
Term 
 
Compressive strength  Abrasion  Salt scaling 
Coefficient P-value  Coefficient P-value  Coefficient P-value 
Intercept -19.4702 0.0113  30.0446 <0.0001  5953.13 <0.0001 
UPV 0.0096 <0.0001  NS -  - NS 
RN -2.4910 0.0120  -0.9194 <0.0001  -180.515 <0.0001 PQ4R  NS -  NS -  - NS F_R NS -  0.0076 <0.0001  1.374 0.0020 PQ4 NS -  NS -  - NS F_ NS -  NS -  - NS 
UPV ×&RN 0.00055 <0.0001  NS -  - NS 
Note: NS =  not significant 
Table 6-4. Derived statistical models for investigated responses 
Property Developed statistical model R2adj AIC BIC Ftest 
CS (MPa) -19.47+0.0096UPV-2.49RN+0.00055 UPV × RN 0.94 217.9 224.8 211.3 
Abrasion (gr) 30.045-0.92RN+0.0076RN2 0.89 278.9 286.7 34.3 
Scaling (gr/m2) 5953.13-180.515RN+1.374RN2 0.85 955.1 962.8 27.9 
Note: CS = compressive strength 
Based on the findings of this study, multivariate models can improve the prediction of 
mechanical properties and durability of concrete. With respect to the compressive strength, the 
combined use of rebound hammer and UPV was found to result to a more accurate prediction, 
possibly attributable to the fact that UPV and RN are susceptible to different characteristics of 
concrete. For example, while the value of rebound hammer is impacted by the superficial 
properties of the concrete, UPV is related more to the inner structure of the concrete, and both 
impact the compressive strength of concrete. On the other hand, both abrasion and salt scaling 
are surface-layer-related properties. This validates the findings in this study related to the 
application of rebound hammer only for prediction of abrasion and salt scaling.  
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Finally, because the reliability of NDTs depends on their prediction potential with respect 
to independent data, the proposed models were employed to predict such independent data 
(Group II). Predictions and residual plots are presented in Figure 6-9 to Figure 6-11. It is evident 
from the figures that the majority of predicted values for modeled responses lie close to the 1:1 
diagonal line, indicating that the predicted value will be within the desired accuracy of the 
derived statistical models in predicting the responses. In addition, the residuals appear to be zero-
mean without a dispersion pattern, so the developed model seems suitable for predictions and 
inferences. 
 
Figure 6-9. (a) Prediction of the independent data using the model proposed in Table 4 for 
compressive strength and, (b) associated residual plot 
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Figure 6-10. (a) Prediction of the independent data using the model proposed in Table 4 for 
Abrasion and, (b) associated residual plot 
 
Figure 6-11. (a) Prediction of the independent data using the model proposed in Table 4 for salt 
scaling and, (b) associated residual plot 
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6.6.3. Salt Scaling Classification Based on Rebound Number Clustering 
Because the results obtained in this study support the use of rebound hammer to predict the salt 
scaling resistance of concrete, an RN-based salt scaling classification scheme using both Group I 
(calibration data) and Group II (validation data) was proposed, yielding an optimal number of 
four clusters using a k-means algorithm.  
Table 6-5 lists the mean points of these four clusters in a three-dimensional space of RN 
and the salt-scaling classification provided by BNQ NQ 2621-900 [35]. Figure 6-12 shows the 
data in each cluster, presented by a different marker. It can be seen in the figure that there are 
some intersections between the clusters, indicating that specimens with the same RN values may 
have different strength specifications. In other words, surface properties predicted by RN are not 
the only variables affecting salt scaling resistance.   
 
Figure 6-12. Salt scaling classification 
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Table 6-5. Salt scaling classification based on rebound number 
Mass loss Range 
gr/m2 
Characteristics of scaling surface Rebound 
Number 
0-50 No significant scaling >50 
51-210 Very slight scaling 45-50 
211-510 Slight to moderate scaling 38-44 
511-1300 Moderate scaling with some exposed coarse aggregate 38-44 
1301-2100 Moderate to severe scaling 25-37 
>2100 Severe scaling <25 
 
6.7. Conclusions and Future Work 
This paper developed statistical models using UPV and RN to predict the mechanical 
properties and durability of concrete. NDTs were used both individually and combined, and 
predictive models were devolved and compared. The intent was to align models for in-situ 
predictions of existing structures. The highlights of this study from the experimental results and 
analyses performed for the concretes tested are as follows: 
-! The prediction of compressive strength was improved using a combination of UPV and 
rebound hammer results, while RN and its derivatives were the only statistically-significant 
parameters found for prediction of abrasion and salt scaling.  
-! Concrete properties exhibited major effect on the mean and dispersion values of UPV and 
RN. However, it was found that, none of the quantities w/cm, slag cement content, air 
content, curing regime, and finishing time are statically significant and adding them as 
variables to the proposed models should be avoided, the approach presented in this paper is a 
generic one, independent of the material property to be assessed. The proposed models are 
independent with respect to concrete mixture proportions, finishing and curing conditions, 
and can be applied for general use where no background information regarding concrete 
properties is available. 
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-! The salt-scaling classification table was developed based on rebound hammer results. Along 
with the models developed in this study, the table may be useful for researchers and 
engineers in the field for quickly estimating in-situ concrete salt-scaling resistance and 
quality.  
6.8. Future Work 
Quick assessment of numerous properties is of interest to field engineers, and future work 
may include sampling concrete specimens with a greater range of variables and responses and 
the use of a wider range of types of NDT methods to obtain a more comprehensive sample size. 
This could further improve the proposed models.  
In addition, influence of different parameter including mixture proportion, relative 
humidity of the specimens, curing, and finishing on the results obtained by UPV and RN, as well 
as their uncertainty values might be further investigated.  
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CHAPTER 7.   !EFFECT OF MIXTURE PROPORTIONING, CURING, AND 
FINISHING ON CONCRETE SURFACE HARDNESS 
A journal paper submitted to ACI Materials Journal 
Kamran Amini18, Seyedhamed Sadati19, Halil Ceylan20, Peter Taylor P.E21 
 
7.1. Abstract 
In addition to correlating surface hardness to concrete hardened properties, this study 
aims at investigating the factors that influence the performance of concrete with respect to its 
surface-abrasion resistance (hardness). Of special interest is the relationship between surface 
hardness and concrete salt-scaling performance.  
An extensive investigation was carried out to assess the effect of various mixture 
proportions, curing regimes, and finishing time on surface hardness of the concrete specimens. In 
addition, compressive strength, depth-sensing indentation (DSI), and salt scaling tests were used 
to evaluate the correlation between concrete surface hardness and performance. A scaling quality 
classification table using abrasion mass loss values was developed. The results indicate a 
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promising relationship between abrasion resistance and salt scaling resistance that can become 
defective when more than two-cycles-abrasion test is applied. 
Keyword: Surface hardness, salt scaling, slag cement, finishing, and curing. 
 
7.2. Introduction 
In response to the need for sustainable development, research on reducing the carbon 
footprint in construction industry has become an issue of great interest. Production of portland 
cement is the main source of CO2 emission in concrete production. Considerable energy is 
embedded in cement as a result of the energy required for initial mining, raw material 
processing, calcinations process, and achieving high temperatures in kiln. The average emission 
due to cement production is estimated to range from 0.7 to 1.0 ton of CO2 per ton of produced 
cement [1,2]. Partial replacement of cement with supplementary cementitious materials (SCMs) 
has been considered as an ideal method of producing environmentally friendly concrete. This is 
of special interest for the U.S. transportation infrastructure, where over 60% of the interstate 
highway system is paved with concrete [3]. 
With an expected design life of about 50 years, these pavement systems are needed to be 
highly durable. However, several cases of premature failure are reported by the state agencies 
each year, either due to structural deficiencies, construction issues, or material distress.  
Surface wear under traffic loading and/or environmental conditions is among the main 
mechanisms that can reduce the ride quality, leading to the need for major rehabilitation of rigid 
pavement systems [4]. 
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 The mechanical mode of distress under traffic loading is known as the abrasion 
deterioration, which over the course of years can yield the varied experiences with damage 
patterns. It is well established that the use of hard and dense aggregate can promote the abrasion 
resistance of concrete, whilst the more porous aggregate types depress the resistance to abrasion 
[4]. Also, it is traditionally considered that abrasion resistance is reflected by compressive 
strength of concrete. In other words, high quality binder system and proper curing regime can 
secure desired uniformity of concrete and resistance to mass loss caused by abrasion [5].  
Surface damage caused by deicers sued in subzero environments, is another cause for a 
damaged surface texture and reduced ride quality. The synergic action of the freeze and thaw 
cycles accompanied by the chemical reaction between the salt and the cement paste can cause 
scaling of the exposed surfaces [4]. It has been shown that abrasion resistance, as a measure of 
surface hardness, is among the factors affecting the salt-scaling resistance of concrete [6,7][7].  
It is generally expected for SCMs to enhance the mechanical properties and durability of 
concrete in light of pozzolanic reactions. The extent of improvements, however, depend on 
physicochemical properties, and replacement rate of the SCM, as well as the nature of the 
deteriorating mechanism. Considering the potential for both hydraulic and pozzolanic activities, 
the slag cement is typically considered as a SCM that can be used at high dosages of over 50% of 
the total binder mass [8].  
A comprehensive experimental program was undertaken in the present study to address 
the effect of high volume slag cement on abrasion resistance and salt scaling of the concrete 
designated for rigid pavement construction. Interactions with air content, curing regime, and 
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finishing timeline were also investigated. The results obtained from this work are expected to 
elucidate the role of slag cement on long-term performance of rigid pavement systems. 
7.3. Experimental Procedure 
7.3.1. Materials  
Different binders of Type I Portland cement, Class C fly ash, and slag cement (ground 
granulated blast furnace slag) were incorporated in binary and ternary systems. Table 7-1 
presents the chemical and physical characteristics of the cementitious materials. 
Polycarboxylate-based high-range water reducing admixture (HRWRA) and vinsol-based air-
entraining admixture (AEA) were employed with dosages adjusted to achieve initial slump and 
air content values of 50 ± 10 mm and 2–9%, respectively. Continuously-graded crushed 
limestone aggregate with 19-mm nominal maximum size (NMS), a bulk specific gravity of 2.68, 
and an absorption value of 0.81% was selected. Also, a well-graded limestone fine aggregate 
with fineness modulus of 2.97, 1.5% water absorption, and 2.62 specific gravity was used. The 
particle-size distribution of the aggregates is shown in Figure 7-1.  
Table 7-1. The chemical analysis of the cementitious materials used in the concrete mixtures (%) 
Chemical composition Cement Fly ash Slag cement 
Alkalies (Na2Oe) 0.88 1.9 0.4 
Loss on ignition 2.2 2.65 0.75 
Insoluble residue 0.7 - - 
Free lime 0.8 - - 
SiO2 20.6 52.5 37.2 
AlO3 4.5 25.4 11.9 
Fe2O3 2.7 6.6 0.5 
CaO 62.7 6.1 37.9 
MgO 2.0 1.6 9.5 
SO3 3.6 0.9 3.0 
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Figure 7-1. Particle-size distribution of sand and coarse aggregate 
7.3.2. Mixture Proportion 
A total of 59 sets of concrete specimens with different binary and ternary combinations of 
fly ash and slag cement, water to cementitious material ratio (w/cm), and air content were 
prepared using different finishing techniques and curing regimes. Table 7-2 summarizes the 
mixture proportions of the investigated mixtures. Mixtures 1-23 were tested to study the effect of 
mixture proportions, while the effect of finishing and curing were investigated on mixtures 24-
27.   
Table 7-2. Mixture compositions 
Mix 
No. 
Air 
Content 
Slag 
(%) w/cm  
Materials (kg/m3) 
Cement Fly ash Slag 
Coarse 
Agg. 
Fine 
Agg. Water 
1 
< 3% 
0 0.35 332 83 0 1210 702 145 
2 20 0.35 249 83 83 1207 700 145 
3 40 0.35 166 83 166 1206 699 145 
4 0 0.55 242 61 0 1238 717 166 
5 20 0.55 182 61 61 1235 716 166 
6 40 0.55 121 61 121 1234 715 166 
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Table 7-2 (continued) 
Mix 
No. 
Air 
Content 
Slag 
(%) w/cm  
Materials (kg/m3) 
Cement Fly ash Slag 
Coarse 
Agg. 
Fine 
Agg. Water 
7 
3-6% 
0 0.35 332 83 0 1135 658 145 
8 20 0.35 249 83 83 1132 656 145 
9 40 0.35 166 83 166 1129 655 145 
10 0 0.55 242 61 0 1161 673 166 
11 20 0.55 182 61 61 1160 672 166 
12 40 0.55 121 61 121 1158 671 166 
13 
>6% 
0 0.35 332 83 0 1084 628 145 
14 20 0.35 249 83 83 1081 627 145 
15 40 0.35 166 83 166 1079 625 145 
16 0 0.55 242 61 0 1111 644 166 
17 20 0.55 182 61 61 1110 463 166 
18 40 0.55 121 61 121 1107 642 166 
19 3-6% 20 0.45 214 71 71 1140 661 160 
20 3-6% 30 0.35 208 83 125 1131 656 145 
21 > 6% 10 0.4 249 71 36 1151 667 125 
22 < 3% 30 0.5 163 65 98 1202 697 163 
23 < 3% 10 0.55 212 61 30 1211 702 166 
24 > 6% 0 0.48 326 0 0 1163 674.6 157 
25 > 6% 20 0.48 261 0 65 1162 673.4 157 
26 > 6% 40 0.48 196 0 130 1159 472.2 157 
27 > 6% 60 0.48 130 0 196 1158 671 157 
 
7.3.3. Mix Design and Procedure 
The mixing sequence consisted of introducing AEA diluted in 1/3 of the water to the 
coarse aggregate and mixing until a foam formed. It continued by homogenizing the fine and 
coarse aggregate for 30 sec, before introducing the cementitious materials along with the 
remaining water. The concrete was mixed for 3 min and kept at rest for 3 min before remixing 
for 3 additional minutes. The first group of specimens that were prepared to study the effect of 
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mixture proportioning on abrasion resistance, were finished immediately after casting, and 
subjected to 28 days of standard moist curing according to ASTM C31 [9]. The rest of the 
specimens were subjected to the following finishing scenarios and curing regimes.  
7.3.3.1 Finishing 
The times for applying the finishing were chosen as follows: 
(d)!Immediately after casting. 
(e)!After the bleeding slowed down or stopped. 
(f)! At the initial setting time.  
The same operator finished all the slabs under instruction to apply the same amount of 
effort in all cases. After finishing, all finishing specimens were covered with a plastic sheeting 
for 24 hr, after which they were demolded and cured for 28 days in accordance with ASTM C31 
[9].  
7.3.3.2. Curing regimes 
All the curing specimens were finished immediately after casting, and covered with 
plastic sheeting for 24 hr before demolding. After demolding, the specimens were subjected to 
different curing regimes as follows: 
-! 28m BNQ: BNQ 2621-900 [10], 28 days of standard moist curing and 14 days of air curing. 
-! 7m and 3m: 7 and 3 days of moist curing followed by 14 days of air drying. 
-! 3c, 7c, and 28c: white pigmented membrane-forming curing compound was applied to 
the surface of specimens immediately after finishing. Specimens were left for 3, 7, and 28 
at room temperature of 24 ± 2 oC prior to 14 days of air drying. Curing compound was 
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removed from the surface of 3c specimens after 3 days to stop curing. For 28c regime, 
additional curing compound was applied to the surface of specimens after each 7 day for 
21 days. No additional curing compound was applied on 7c and 28c specimens at their 
age of 7 and 28 days, respectively. 
The last two (3 and 7 days of curing) regimes would be more practical in the field. 
7.3.4. Testing Program  
The abrasion resistance of the specimens’ surface was determined, as a measure of 
surface hardness, using a rotating-cutter drill press in accordance with ASTM C944 [11]. After 
the specified curing (section 2.3.2), 100×50 mm2 cylinders were dried at 50oC for 3 days, after 
which blow of compressed air was used to ensure that the specimens were free of dust, following 
which the initial weights of the cylinders were measured. The surface of each specimen was then 
subjected to the rotating-cutter drill press at 197 N for 2 minutes, after which all the dust was 
removed using an air compressor and the specimens were weighed once again. This procedure 
was repeated for 6 cycles on duplicate specimens, after which the total mass loss was averaged 
and reported. 
A depth sensing indentation (DSI) system was employed to evaluate the surface hardness 
of the concrete specimens. The device was a LM 247 AT testing machine with a high precision 
load cell and a standard Vickers indenter in the shape of a square-based pyramid with a thickness 
of 0.3 mm attached. Square specimens of size 100×100 mm2 were cut from the middle of the 
beams perpendicular to the surface, and the indentation areas were carefully selected using a 100 
X digital zoom function so that the indenter would only touch the cement paste within the 
topmost 5 mm of the surface. Having all tests conducted by the same operator, the indent test 
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was performed very carefully to ensure that the results are merely obtained from the paste and 
not affected by aggregate composition and/or air voids. The DSI test was performed at least 10 
times at a selected maximum load level of 50 N, and the average of the values was reported. 
Scaling specimens were cast in accordance with the BNQ NQ 2621-900 [10] test method. 
This method requires rectangular prisms with size of 300×200×82 mm3 or an equivalent surface 
area of 0.06 m2. After applying the specified curing regime (section 2.3.2), 7 days of pre-
saturation was carried out using a brine with 3% NaCl concentration. The specimens were then 
subjected to freezing and thawing (F-T) cycles of 16 hr freezing and 8 hr thawing. The F-T 
testing was conducted for 45 days. After every 5 cycles, the test surfaces were washed with a 
similar deicing solution and the residues were collected and dried in an oven at 110 oC for 24 hr. 
Thereafter, the weight of the dried residues was measured and the average of the two specimens 
was reported.  
7.4. Results and Discussions 
7.4.1. Abrasion Resistance 
Figure 7-2 shows abrasion-mass-loss evolution, relative to total mass loss, of the concrete 
specimens for 6 test cycles. It can be generally observed that on average, 45% of the total 
abrasion mass loss can be attributed to the first two cycles, and each further cycle has caused 
about 14% of the total mass loss. This indicates that a two-cycle abrasion test can provide a 
sufficient estimation of the surface-layer hardness, while testing for more cycles might result in 
misleading information regarding surface layer of the concrete. Therefore, two challenges can be 
specified with respect to the abrasion resistance of concrete; (1) reducing the total abrasion mass 
loss, and 2) reducing the effect of surface, so when subjected to abrasion test, each cycle 
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contributes equally. In that direction, the uniformity of a concrete specimen can also be 
quantified through abrasion test. Toward these goals, effect of mixture proportion, curing regime, 
and finishing technique on the abrasion resistance of concrete specimens are investigated in the 
following sections. 
 
Figure 7-2. Abrasion resistance of mixtures for 6 cycles 
7.4.2. Effect of Different Factors on Abrasion Resistance 
7.4.2.1. Mixture proportion 
Figure 7-3a and b present the total mass loss delivered by the concrete mixtures 
proportioned with different slag cement and air contents for water-to-cementitious material ratios 
(w/cm) of 0.35 and 0.55, respectively. For the mixtures made with w/cm of 0.35 (Figure 7-3a), 
no significant trend in mass loss as a function of slag-cement and/or air content was evident, with 
results varying between 3.5 and 6.5 gr. This is likely due to dominant effect of w/cm over air 
content and slag cement incorporation, and therefore, use of a w/cm as low as 0.35 secured a 
high-quality paste limiting the degree of abrasion mass loss as a result of variations in air content 
and slag-cement replacement level. For the mixtures proportioned with w/cm of 0.55 (Figure 
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7-3b), on the other hand, use of slag cement resulted in a significant reduction in total abrasion 
mass loss. This could be attributed to the enhanced paste quality in light of the pozzolanic 
activity of the slag cement [12–14], as well as, lower risk of bleeding in mixtures fresh state.  
 
     (a) 
 
        (b)  
Figure 7-3. Total abrasion of mixtures made with w/cm of (a) 0.35 and (b) 0.55 
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It should be noted that the improving impact of slag cement on concrete abrasion is a 
compound effect, meaning that the effect of changes in both the fresh state (lowering the 
bleeding) and the hardened state (higher density and strength) resulting from the use of slag 
cement alter the concrete abrasion resistance. It was observed that the total mass loss is 
increasing with higher air content. However, this trend somehow diminished as a result of slag-
cement incorporation, where no significant increase in mass loss was observed for mixtures 
prepared with 40% of slag cement and varying amounts of air in the system. Figure 7-4 shows 
the correlation between mixture proportion and abrasion mass loss of the first two cycles relative 
to the total mass loss. The dashed line presents the required mass-loss limit (32 %) for the first 
two cycles (out of 6 cycles, based on this study) to have a uniform quality in depth of concrete. It 
can be observed that concrete uniformity is influenced by w/cm, slag cement, and air content, 
with w/cm having the greatest impact. It is evident that for the mixtures proportioned with w/cm 
of 0.35 the performance was close to the mass-loss limit line owing to low risk of bleeding in 
such mixtures. In addition, the effect of slag-cement replacement and air content seems to be 
negligible for mixture proportioned with w/cm of 0.35, while at higher w/cm both slag cement 
and air can improve the surface hardness. Comparing the results corresponding to w/cm of 0.55 
in Figure 7-3b and Figure 7-4 indicates that although air entrainment increases the total mass 
loss, it can improve abrasion resistance of the surface layer (first two cycles), possibly by 
mitigating the risk of bleeding that consequently improves the surface hardness and increase the 
surface resistance to abrasion. For example, for w/cm of 0.55 and a given slag-cement 
replacement, the minimum surface abrasion was achieved by the mixtures with 3-6% air content 
(Figure 7-4). Moreover, although entrained air contributes to lower bleeding, it simultaneously 
reduces the hardness of concrete. Therefore, it is likely that this disadvantage of air entrainment 
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governs its beneficial effects when concrete contains more than 6% air content that was 
somehow diminished as a result of slag-cement incorporation, where no significant increase in 
mass loss was observed for mixtures prepared with 40% of slag cement and varying amounts of 
air in the system. 
 
Figure 7-4. Abrasion after 2 cycles relative to total mass loss of mixtures 
7.4.2.2. Finishing  
Figure 7-5 illustrates the effect of finishing time on abrasion resistance. All investigated 
mixtures were proportioned with a fixed w/cm of 0.48, over 6% air content, and slag-cement 
replacement varying from 0 to 60%. The finishing time exhibited a significant influence on 
abrasion resistance of the mixtures, where finishing after the cessation of bleeding improved the 
abrasion resistance up to 40%.  
Results indicated decrease in abrasion mass loss when up to 40% slag cement was used 
followed by higher mass loss with any further slag-cement contents, i.e. 60%, regardless of the 
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finishing time. The lowest sensitivity to finishing time was observed for the concrete 
proportioned with 40% slag cement, while the highest spread in results was attributed to the plain 
concrete specimens. In general, the observed data suggests the cessation of bleeding to be 
considered as the optimal time for finishing the concrete mixtures. In general, the highest mass 
loss was observed for the specimens that were finished right after casting.  
Figure 7-6 demonstrates the correlation between finishing time and abrasion mass loss of 
the first two cycles relative to the total mass loss. It can be observed that regardless of the slag-
cement content, finishing after the end of bleeding resulted in superior abrasion resistance with 
respect to total mass loss and uniformity. A microscopic evaluation of near-surface area of the 
plain cement specimens is shown in Figure 7-7, explaining the former findings. It can be 
observed that the specimen subjected to finishing method a (immediately after casting; Figure 
7-7a) has the greatest paste content on the surface, among the three specimens, with the coarse 
aggregates at furthest depth from the surface. For the specimen that was finished using method b 
(after bleeding is stopped; Figure 7-7b), coarse aggregates are on the top with minimum distance 
from the surface. It is also evident that finishing method c (finishing at the initial set; Figure 
7-7c), has improved the surface properties to some extent, compared to method a. Similar results 
was obtained for other mixtures.  
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Figure 7-5. Total abrasion of mixtures subjected to different finishing 
 
Figure 7-6. Abrasion after 2 cycles relative to total mass loss of finishing specimens 
 
Figure 7-7. Microscopic inspection of surface layer of plain specimens with different finishing 
procedures; Finishing a (left), Finishing b (middle), and Finishing c (right) 
164 
 
 
 
7.4.2.3. Curing regimes 
Figure 7-8 presents the effect of different curing regimes on abrasion resistance. The 
investigated mixtures were prepared with a w/cm of 0.48, air content of higher than 6%, and 
slag-cement replacements of 0, 20, 40, and 60%. The considerable spread in the data presented in 
this figure suggests that the curing procedure has a more pronounced effect on abrasion 
resistance compared to the slag-cement incorporation and finishing time.  
Although incorporation of up to 40% of slag cement improved the abrasion resistance of 
the mixtures, a higher slag-cement content reduced the surface hardness. This most likely can be 
attributed to the fact that not all the cementitious materials participated in the pozzolanic reaction 
for the case of high slag-cement replacement by the time of testing. However, the effect was less 
significant and even reduction in mass loss was observed when elongated curing periods of 28 
days moist curing was applied.  
Regardless of the slag-cement content, the minimum mass loss was observed for the 
specimens exposed to 28 days of moist curing, while the lowest resistance to abrasion damage 
was delivered by the specimens subjected to only 3 days of compound curing. Figure 7-9 shows 
the correlation between curing regime and abrasion mass loss of the first two cycles relative to 
the total mass loss. It is evident that incorporation of 60% slag cement is negatively affecting the 
surface hardness of the specimens except for the curing regime of 28 m, most likely due to the 
fact that at higher slag-cement replacement, 28 days of moist curing is sufficient in terms of 
length and method so that all the cementitious materials can participate in the pozzolanic 
reaction. Generally, when specimens are subjected to shorter curing periods, mixtures containing 
20% of slag cement performed superior in terms of abrasion resistance.   
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Figure 7-8. Total abrasion of mixtures subjected to different curing regimes 
 
Figure 7-9. Abrasion after 2 cycles relative to total mass loss of curing specimens 
7.4.3. Relationship of Abrasion with Surface Hardness, Strength, and Salt Scaling 
Figure 7-10 shows the overall correlation between the concrete compressive strength and 
the abrasion mass loss obtained through this study. The investigated mixtures were proportioned 
with various mixture ingredients, curing conditions, and finishing scenarios. In general, a 
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tendency to lower abrasion mass loss as a reduction in compressive strength was inspected. This 
is in agreement with results reported in the literature [4]. Based on data presented in here, this 
trend was best represented by a power equation with coefficient of correlation (R2) of 0.77. It 
was also observed that the increase in compressive strength after a certain limit, 35 MPa in this 
study, was not enhancing the resistance against abrasion significantly.  
It can be seen in the figure that there are some crossings between the data points, 
indicating that specimens with same compressive strength values may exhibit different abrasion 
resistance. This is not surprising given that the investigated mixtures were subjected to various 
curing regimes and finishing timelines. When concrete is quite uniform abrasion resistance is 
reflected by compressive strength, while if not uniform, correlation between abrasion and 
strength can vary or be insignificant. 
Correlation between the surface micro hardness and the abrasion mass loss of the 
concrete specimens are illustrated in Figure 7-11. A strong correlation was observed that was 
best represented by a linear fit with a R2 of 0.86. The results presented in this figure 
demonstrated reduction in abrasion mass loss as a function of increase in surface micro hardness, 
regardless of the concrete mixture proportions, i.e., w/cm, slag cement, and air content. 
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Figure 7-10. Relationship between compressive strength and abrasion resistance of the mixtures 
 
Figure 7-11. Relationship between surface micro hardness and abrasion resistance of the 
mixtures 
It has been shown that there is a robust relationship between abrasion and salt scaling 
mass loss values [15,16], while this relationship can be deceptive when the mixtures contain slag 
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cement [15]. Therefore, Figure 7-12 illustrates the relationship between salt scaling and abrasion 
mass loss for different binary systems. Although the figure shows initially no clear trend, 
comparisons among different abrasion test cycles help developing the following interpretations. 
The correlation between abrasion and salt scaling can be best noticed for a given mixture when 
abrasion mass loss values are reflecting only the surface layer hardness (cycles 1 and 2), while it 
can be observed that this correlation becomes insignificant/poor when further cycles are applied. 
According to this figure, correlation between abrasion and salt scaling may vary depending on 
the slag-cement content, and so it would be challenging to develop a generalized model derived 
from such a correlation. Table 7-3, therefore, categorizes salt scaling values based on abrasion 
mass loss, in a three-dimensional space. Further data may be collected in order to adjust this 
table with ASTM and BNQ standard classifications. 
Table 7-3. Salt scaling classification based on abrasion mass loss 
 
Salt Scaling Mass Loss Range 
(gr/m2) 
Abrasion Mass Loss range (gr) 
0 %SC 20% SC 40% SC 60% SC 
0-500 - - - - 
500-1000 0-10 0-5 0-5 - 
1000-1500 10-30 5-15 0-5 - 
1500-2000 30-45 10-20 5-15 - 
>2000 >45 >20 >15 >5 
    Note: SC = Slag Cement 
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Figure 7-12. Relationship between salt scaling and abrasion mass loss of the mixtures.  
Note: dashed lines are extended trendlines to predict salt scaling up to 2100 kg/m2 
 
7.5. Conclusions 
Effect of various mixture proportions involving different water-to-cementitious materials 
(w/cm) ratio, slag cement, and air content, as well as various curing regimes and finishing times 
on the surface-abrasion resistance (hardness) of concrete was assessed. In addition, an effort was 
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put at correlating the surface hardness to concrete hardened performance, i.e., compressive 
strength, surface micro hardness, and salt-scaling resistance. Based on the results reported herein, 
the following conclusions are highlighted: 
-! Among the investigated mixture constituents, w/cm was found to have the highest impact 
on concrete surface hardness, so that the effect of slag cement and air content variation on 
the performance of concrete specimens made with w/cm of 0.35 was negligible, while 
adequate air entrainment (3-6% air content) was found beneficial for mixtures made with 
w/cm of 0.55. 
-! For a given slag-cement replacement, mixtures made with 3-6% air content exhibited least 
abrasion mass loss, compared to mixtures containing <3% (non-air entrained) or higher 
than 6% air content. In addition, up to 40% slag-cement replacement appeared to improve 
the surface properties, while at higher replacements, negatively affected concrete abrasion 
resistance. 
-! The lowest sensitivity to finishing time was observed for the concrete proportioned with 
40% slag cement, while the highest spread in results was attributed to the plain concrete. 
In general, mixtures finished after the cessation of bleeding performed superior with 
respect to concrete surface hardness. 
-! Curing method and length appeared to have a more pronounced effect on abrasion 
resistance compared to the slag-cement incorporation and finishing time. Regardless of the 
slag-cement content, the minimum mass loss was attributed to the specimens exposed to 
28 days of moist curing, while the minimum resistance to abrasion damage was delivered 
by the specimens subjected to only 3 days of compound curing. In addition, plain 
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specimens exhibited higher susceptibility to curing regime, compared to mixes containing 
slag cement. 
-! A fairly linear relationship between surface micro hardness and abrasion mass loss was 
established. It was also found that abrasion becomes independent of compressive strength 
after a certain limit of strength, 35 MPa, was reached.  
-! The salt-scaling classification table was developed based on abrasion mass loss results. The 
table may be useful for researchers and engineers in the field for quickly estimating in-situ 
concrete salt-scaling resistance and quality. 
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CHAPTER 8.   !A SUMMARY OF FACTORS AFFECTING SALT-SCALING 
RESISTANCE OF CONCRETE 
A journal paper submitted to ACI Materials Journal 
Kamran Amini22, Kristen Cetin23, Halil Ceylan24, Peter Taylor25 
 
8.1. Abstract 
This paper compiles results from three different laboratory studies, and employs 
multivariate regression analyses to model the effect of mixture parameters and concrete hardened 
properties on salt-scaling performance. The correlations between concrete hardened properties 
and mixture proportions were also studied. The modeled mixture parameters included water-to-
cementitious material ratio (w/cm), slag cement, and air content. Concrete performance was 
evaluated through abrasion resistance, sorptivity, compressive strength, and salt scaling tests. 
According to the results obtained in this study, concrete scaling performance is affected, in the 
order of importance, by w/cm, slag-cement replacement, and air content. In addition, concrete 
hardened properties, especially abrasion resistance, were found useful in making reliable salt-
scaling predictions. Based on the results derived from the regression analyses and the discussions 
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provided in the reviewed literature, recommendations are given for proportioning of concrete to 
obtain adequate performance with respect to compressive strength, abrasion resistance, 
sorptivity, and salt-scaling resistance. In addition, relationship between concrete properties and 
ingredients with effective mechanisms are investigated. 
Keywords: salt scaling, mixture components, hardened properties, curing regimes, multiple 
regression analysis. 
8.2. Introduction 
Salt scaling has been substantially studied in hundreds of laboratory and field studies 
through the past 60 years [1–6]. It is recognized that mixture components (e.g., w/cm, air 
content, and supplementary cementitious materials), construction variables (i.e., curing regimes 
and finishing time), and concrete hardened properties (i.e., abrasion resistance, sorptivity, and 
compressive strength) are key parameters for controlling salt-scaling resistance of concrete [6–
16]. In addition, it is known that the trade-offs among concrete mixture components and 
hardened properties affect the concrete salt-scaling resistance [7,17–19].  
In order to better understand the influence of the key mix design parameters on the behavior 
of a concrete placed in an environment with high salt-scaling damage potential, as well as the 
influence of the correlation between hardened properties and salt-scaling performance, 
multivariate regression analyses were carried out to identify the relative significance of these 
primary parameters and their interactions on salt-scaling performance and concrete hardened 
properties.   
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The scope of the present work is to improve and quantify the relationship between salt-
scaling resistance with concrete mixture components and hardened properties. Results from three 
different laboratory studies [7,9,11] on salt scaling were collected and reviewed to identify these 
relationships. The mixture proportion variables included w/cm, slag cement, and air content. 
Concrete performance was studied through abrasion resistance, sorptivity, compressive strength 
and salt scaling. In addition, the effect of six different curing regimes on concrete performance 
was assessed. A stepwise regression model selection method [20] was used to obtain estimates of 
the model parameters. Akaike information criterion (AIC) and Bayesian information criterion 
(BIC) were used to determine the most appropriate final model. The normality of the models was 
then checked through evaluation of the normal probability and diagnostic residual plots and the 
P-values of the model parameters, within the 95% confidence intervals. The validated models 
were then used with a set of independent input data to determine their performance. Finally, 
based on the results derived from the regression analyses and the discussions provided in the 
reviewed literature, recommendations were given for proportioning of concrete to obtain 
adequate performance. Relationship between concrete properties and ingredients with effective 
mechanisms were also investigated. 
8.3. Data Collection 
A total of 54 experimental data points corresponding to concrete specimens with different 
mixtures, curing regimes, and finishing times were collected from three different research papers 
[7,9,11]. The concrete mixtures were prepared with different binary and ternary blends of fly ash 
and slag cement (ground granulated blast furnace slag), water to cementitious material(w/cm) 
ratio, air content, finishing time, and curing regimes. Five data points were randomly selected 
and used as independent data set for validation [21,22]; to check the performance of the 
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developed models while the rest of the data was employed as calibration data set for the model 
development consisting of model parameter assessment and model selection. Table 8-1 gives the 
ranges of the variables and responses for the calibration and validation data sets. The fly ash and 
slag cement were incorporated by volume of total binder as a partial replacement of cement. All 
mixtures had a fixed fly ash content of 20%. In addition, Table 8-2 presents the collected data 
from the literature [7,9,11]. 
Table 8-1. Range of variables and responses for calibration and validation data sets used to develop 
the model 
# 
Variables 
Range 
 Calibration Validation 
1 w/cm  0.35,0.48, 0.55 
2 Slag cement (%) 0 to 60 
3 Air content (%) 2 to 15 
4 Finishing time 
-! After fabrication 
-! After bleeding slows down/stops 
-! At the time of initial setting 
5 Curing regime 
-! Moist curing; 3, 7, 28 days 
-! Curing compound; 3, 7, and 28 days 
Responses   
1 Compressive strength (MPa) 10 to 65 29 to 55 
2 Sorptivity (10-4mm/ `) 5 to 76 7 to 23 
3 Abrasion (gr) 1.1 to 38 1.1 to 13 
4 Salt scaling (gr/m2) 226 to 3700 808 to 1420 
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Table 8-2. Hardened characteristics of investigated mixtures 
Mix # w/cm SC (%) Curing Finishing 
Ab 
(gr) 
CS 
(Mpa) 
S 
(10-4mm/ `) SS (gr/m2) AC (%) SF (mm) 
1 0.35 0 28m a 2.4 59.6 9.49 618 2.3 0.59 
2 0.35 0 28m a 4.8 54.5 10.71 668 6.1 0.15 
3 0.35 0 28m a 4.4 49.1 11.72 746 6.5 0.10 
4 0.35 20 28m a 2.6 65.5 8.61 628 2.5 0.31 
5 0.35 20 28m a 2.5 57.9 8.55 680 4.8 0.23 
6 0.35 20 28m a 2.4 55.2 9.13 808 8.1 0.15 
7 0.35 40 28m a 1.1 65.0 5.84 889 2.3 0.47 
8 0.35 40 28m a 1.8 58.9 6.03 945 5.3 0.28 
9 0.35 40 28m a 1.1 54.8 7.14 997 7.0 0.15 
10 0.55 0 28m a 6.0 36.4 17.05 1119 2.2 0.32 
11 0.55 0 28m a 7.9 31.1 20.15 908 5.7 0.11 
12 0.55 0 28m a 13.3 29.7 23.02 1364 8.1 0.05 
13 0.55 20 28m a 7.6 44.7 13.81 1252 2.2 0.35 
14 0.55 20 28m a 5.8 36.2 15.81 1075 3.9 0.23 
15 0.55 20 28m a 8.4 29.6 18.05 1467 8.9 0.01 
16 0.55 40 28m a 4.1 45.2 14.35 1589 2.5 0.21 
17 0.55 40 28m a 3.1 38.6 16.12 1420 4.2 0.17 
18 0.55 40 28m a 3.9 32.0 18.56 1703 6.4 0.12 
19 0.48 0 28m a 9.1 31.67 25.4 686 13.2 0.11 
20 0.48 20 28m a 5.2 33.44 19 967 11.9 0.09 
21 0.48 40 28m a 3.2 37.36 13.1 1531 8.9 0.15 
22 0.48 60 28m a 3.4 37.22 13 3406 6.9 0.16 
23 0.48 0 7m a 22.9 20.22 31.9 1190 17.5 0.08 
24 0.48 20 7m a 12.2 17.14 19 1197 11.7 0.09 
25 0.48 40 7m a 12.4 19.26 13 1803 9.8 0.12 
26 0.48 60 7m a 11.6 12.98 14.7 3393 10.7 0.09 
27 0.48 0 3m a 28.0 20.20 35 1344 15.9 0.08 
28 0.48 20 3m a 9.9 13.97 21 1339 11.5 0.10 
29 0.48 40 3m a 9.7 19.94 13.2 1951 9.1 0.13 
30 0.48 60 3m a 21.5 12.26 17.8 2786 10.7 0.13 
31 0.48 0 28c a 19.4 26.20 43 1275 12.7 0.12 
32 0.48 20 28c a 16.2 29.18 35 1613 9.4 0.11 
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Table 8-2 (continued) 
Mix # w/cm SC (%) Curing Finishing 
Ab 
(gr) 
CS 
(Mpa) 
S 
(10-4mm/ `) SS (gr/m2) AC (%) SF (mm) 
33 0.48 40 28c a 13.8 33.16 33 2063 8.3 0.14 
34 0.48 60 28c a 16.0 28.50 59 3020 7.0 0.13 
35 0.48 0 7c a 37.8 16.95 42.4 1592 15.8 0.09 
36 0.48 20 7c a 13.4 14.36 40 1599 11.8 0.15 
37 0.48 40 7c a 21.8 15.92 57 2966 11.7 0.10 
38 0.48 60 7c a 30.3 10.07 72 3642 8.8 0.14 
39 0.48 0 3c a 30.1 15.00 42 1788 17.8 0.08 
40 0.48 20 3c a 19.4 14.00 46.9 2001 10.1 0.11 
41 0.48 40 3c a 28.8 14.08 76.1 2939 10.8 0.09 
42 0.48 60 3c a 36.3 9.73 72 3764 10.2 0.12 
43 0.48 0 28m a 9.2 34.85 - 753 9.5 0.13 
44 0.48 20 28m a 5.5 35.49 - 1222 6.0 0.14 
45 0.48 40 28m a 5.3 36.68 - 2891 9.7 0.09 
46 0.48 60 28m a 8.1 39.23 - 3063 5.9 0.16 
47 0.48 0 28m b 4.6 34.85 - 227 9.5 0.13 
48 0.48 20 28m b 3.3 35.49 - 866 6.0 0.14 
49 0.48 40 28m b 2.6 36.68 - 2404 9.7 0.09 
50 0.48 60 28m b 4.0 39.23 - 2140 5.9 0.16 
51 0.48 0 28m c 8.3 34.85 - 456 9.5 0.13 
52 0.48 20 28m c 4.6 35.49 - 946 6.0 0.14 
53 0.48 40 28m c 2.9 36.68 - 2390 9.7 0.09 
54 0.48 60 28m c 18.6 39.23 - 3469 5.9 0.16 
Note: SC = slag cement, Ab = abrasion, CS = compressive strength, S = sorptivity, SS = salt scaling, AC = air 
content, and SF = spacing factor, 28m = 28 days of moist curing, 28c = 28 days of curing compound. 
8.4. Data Modeling 
The multivariate regression analysis consisted of two main approaches. First, (1) data 
modeling was carried out using concrete initial information to predict concrete hardened 
properties; i.e., compressive strength, sorptivity, abrasion, and salt scaling; second (2) hardened 
properties were used as dependent variables to predict the salt-scaling performance of concrete.  
Prior to multivariate regression analysis, a power transformation analysis was conducted, 
leading to the determination that there was no need to transform the responses values. In addition 
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to the variables in Table 8-1, the contributions of the square, the square root, and interaction 
terms between each of the variables were tested. These variables were included so that the 
proposed full model (i.e. including all variables) could be considered a general model (i.e. 
including more than one dependent variable). Stepwise regression analysis (forward selection 
and backward elimination) [20] was used to assess the individual predictive contributions of the 
predictors (dependent variables), their powers and their interaction, and to remove the 
redundancy caused by multicollinearity. The process involved testing the statistical significance 
of the predictors using the P-value. P-values below 0.05 were considered to represent the 
significance level for identifying the variables with significant impact on the response. The 
estimated coefficient of each factor refers to the contribution of that factor to the response. The 
adjusted R-squared (FabcR ), the root mean square error (RSME), the Akaike’s information 
criterion (AIC), and the Bayesian information criterion (BIC) were also evaluated to measure the 
quality of the models. The validation data were then used to evaluate the performance of the 
model and to check the statistical significance of the model parameters using the P-values. 
8.5. Results and Discussions 
According to the results reported in [7,9,11], curing regime, finishing time, w/cm, slag 
cement, and air content are crucial factors affecting concrete performance. Due to the limited data 
regarding the effect of different finishing time on concrete performance [11], data points 
corresponding to the variation of finishing were discarded from regression modeling. However, 
conclusions reported in [11] are also reflected in the Conclusions and Recommendation section of 
this paper. Because the utilized curing regime is a categorical variable, statistical modeling was 
conducted only for the best curing regime, for brevity. Therefore, all investigated mixtures were 
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ranked with respect to the curing regimes, using performance ranking analysis to determine the 
overall material performance, which was evaluated through compressive strength, sorptivity, 
abrasion mass loss, and salt scaling tests. Table 8-3 summarizes the normalized responses of the 
investigated mixtures, which were calculated using Equation 8-1:  
Normalized response = *def\*]*def\*d]g &×100          (8-1) 
where FG is the test response of the investigated mixture, for a given property Fia1&and FiGj refer to maximum and minimum ranking among mixtures, for that particular property. The 
overall performance of the tested mixtures was then taken as the average of normalized responses, 
as presented in Table 8-3.  
Table 8-3. Overall performance of investigated mixtures with respect to curing regime 
Curing  Responses (%) Overall Performance 
(%) Ab CS S SS 
28m Range 67-100 35.6-100 72.2-100 10.1-88.9 63.8-100 
Average 90.18 62.7 88.6 82.78 82.78 
7m Range 40.7-71.4 6-19 63-90 11-73 46-62 
Average 62.7 13.5 77.36 54 52.4 
3m Range 27-77 4.5-19 59-90 28-69 42-62 
Average 56 12.3 77.3 54 52.4 
28c Range 50-65 30-42 24-61 21-70 36-57 
Average 58.4 36 47.8 50 50 
7c Range 0-66 0.6-13 6-51 4-61 8-50 
Average 32.6 8.2 33 37 29 
3c Range 4-50 0-8 0-42 0-50 2.5-39 
Average 26 5.4 18 26 20 
Note: Ab = abrasion, CS = compressive strength, S = sorptivity, SS = salt scaling, 28m = 28 days of moist curing, 
28c = 28days of curing compound 
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A value closer to 100 implies a better performance. As seen in Table 8-3, mixtures 
subjected to 28 days of moist curing (28m) with an average overall performance of 82.8% 
performed superior to the other curing regimes. Therefore, the analyses in Section 8.5.1 include 
only specimens that were moisture cured for 28 days, while the statistical modeling in Section 4.2 
includes all mixtures. 
8.5.1. Relationship Between Concrete Performance and Mixture Proportion 
The probability (P-value) and estimate coefficients of investigated variables are presented 
in Table 8-4.  
Table 8-4. ANOVA results and estimated coefficients of modeled responses 
 
Term 
Responses 
Salt Scaling (gr/m2) Compressive Strength (MPa) 
Coefficient P-value Coefficient P-value 
Intercept -409.08 0.0456 103.41 <.0001 
w/cm 2695.18 <.0001 -110.42 <.0001 
Slag 10.68 0.0001 0.09 0.0072 
air 3.65 0.095 -1.74 <.0001 
w/cm×slag - - - - 
w/cm×air - - - - 
Slag×air - - - - 
Slag×air×w/cm - - - - 
     
 
Term 
Responses 
Abrasion (gr) Sorptivity (10-4mm/ `) 
Coefficient P-value Coefficient P-value 
Intercept -3.69 0.0399 -7.63 0.0001 
w/cm 20.26 <.0001 44.21 <.0001 
Slag -0.09 <.0001 -0.11 <.0001 
air 0.21 0.0448 0.61 <.0001 
w/cm×slag - - - - 
w/cm×air - - - - 
Slag×air - - - - 
Slag×air×w/cm - - - - 
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P-values less than 0.05 were considered as a level of significance to identify which 
variable has significant influence on the response. The estimated coefficient of each factor refers 
to the contribution of that factor to the response. A negative value of the coefficient indicates that 
an increase in the modeled parameter results in a reduction in the response. 
The derived mathematical equations of the modeled responses are summarized in Table 
8-5. The correlation coefficient (R2) and adjusted correlation coefficient (R2adj) of the derived 
models ranged between 0.82–0.97 and 0.78–0.97, respectively, with P-values < 0.0001 
indicating a satisfactory accuracy between the predicted models and the experimental data. In 
addition, Figure 8-1 illustrates the residuals of these models versus the predicted values of each 
response. The residuals appear to be symmetrically distributed without a structure suggesting 
that the proposed models are adequate for predictions and inferences. Figure 8-2 illustrates the 
comparison between predicted and measured values for the investigated responses. The two 
diagonal dashed lines in Figure 8-2 represent the upper and lower estimated error at a 90% 
confidence interval. The majority of the predicted values for modeled responses lie close to the 
1:1 diagonal line, indicating a good level of accuracy of the derived statistical models to predict 
the responses. The data points above the 1:1 diagonal line indicate an overestimation of the real 
values (experimentally measured value), while those below the line reflect an underestimation of 
the real values. Based on the derived equations and exploitation of statistical models, the findings 
are discussed in detail as follows. 
The salt scaling of the specimens was mainly affected by w/cm, salt scaling, and air 
content, in order of significance, with air content having the least influence. In general, partial 
substitution of cement with slag cement resulted in higher salt scaling, while improved other 
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properties (i.e., compressive strength, abrasion resistance, and sorptivity) in different extent. The 
trade-off between slag-cement replacement and w/cm on salt-scaling performance is illustrated 
in Figure 8-3a, for 0 to 40% slag-cement substitution. It is evident that at lower w/cm (i.e., 0.35), 
variation of slag-cement content does not lead to a significant salt scaling performance change, 
while the effect of slag-cement replacement is more pronounced at higher w/cm values. This is in 
agreement with the results reported in [7]. 
With respect to compressive strength, w/cm was shown to have the highest impact, 
followed by air content and slag-cement replacement, respectively. It has been shown that the 
second-order interaction between slag cement and air content exhibited significant effect on the 
compressive strength, where the adverse effect of air on the compressive strength can be reduced 
by the incorporation of slag cement [7]. However, according to Table 8-4, the interaction 
between slag cement and air content is statistically insignificant with respect to compressive 
strength prediction. 
The derived equations for abrasion resistance indicated that an increase in w/cm and air 
content leads to higher abrasion, while slag-cement substitution reduces the abrasion mass loss. 
This can be explained given the higher viscosity of slag-cement mixtures in a fresh state, leading 
to lower risk of bleeding, and higher pozzolanic reactivity resulting in a denser structure of the 
concrete in a hardened state. The trade-off between slag-cement replacement and w/cm on 
abrasion resistance shown in Figure 8-3b indicates that the effect of slag-cement replacement is 
more pronounced at a higher w/cm. 
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Based on the derived estimate coefficients in Table 8-4, all of the investigated variables 
exhibited remarkable impact on the sorptivity of the mixtures with slag cement reducing the 
sorptivity, while increasing w/cm and air content resulting in higher sorptivity. The sorptivity 
reducing effect of slag cement may be attributed to high filling effect and high pozzolanic 
reactivity of slag cement, which consequently improves microstructure density, and results in 
lower sorptivity. The correlation between air content and sorptivity of the mixtures depends on 
w/cm, such that for a w/cm of 0.35, this correlation is insignificant, while for w/cm of 0.55, 
sorptivity tends to increase gradually with higher air content. It has been shown that increasing 
the water content influences the sorptivity of concrete by generating more connected capillary 
pores [23]. Therefore, it is possible that at a higher w/cm, increasing the air content compounds 
with the capillaries and increases the interconnectivity of the porous system resulting in higher 
sorptivity. 
Table 8-5. Derived statistical models for investigated responses 
Property Developed Statistical Model R2 R2adj AIC BIC Ftest 
CS (MPa) 103.41-110.42(w/cm) +0.09SC-1.74AC 0.97 0.97 106.0 106.3 148.0 
Ab (gr) -3.7+20.26(w/cm)-0.09SC+0.21AC 0.83 0.79 86.0 86.3 19.9 
S (10-4mm/ `) -7.63+44.2(w/cm)-0.11SC+0.61AC 0.96 0.95 82.2 82.5 91.3 
SS (gr/m2) -409.08+2695.2(w/cm) +10.7SC+3.65AC 0.82 0.78 282.4 283.7 25.3 
Note: Ab = abrasion, CS = compressive strength, S = sorptivity, SS = salt scaling, SC = slag cement, and AC = 
air content 
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Figure 8-1. Residual plots of the modeled responses, applied to calibration data 
 
Figure 8-2. Comparison between predicted and measured responses, applied to the validation 
data 
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Figure 8-3. Variation of (a) salt scaling and (b) abrasion, with w/cm and slag cement 
Based on the results presented above, recommendations for proportioning of concrete to 
achieve required scaling resistance are given in Figure 8-4.  Note that the values discussed are 
limited to the range of data obtained in this study. This decision tree may be useful for 
researchers and engineers in this field, and is a crucial step toward performance-based design.  
 
Figure 8-4. Recommendations for proportioning concrete based on the required salt-scaling 
resistance 
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8.5.2. Relationship Between Hardened Properties and Salt-Scaling Resistance 
Regardless of the curing regime and finishing time, all the data points were used to 
evaluate the contribution of concrete hardened properties (i.e., compressive strength, abrasion 
resistance, and sorptivity) to salt-scaling damage. Stepwise regression analysis was repeated 
including all variables listed in Table 8-1. It was found that including slag cement as a dependent 
variable can significantly improve the prediction. The model was tested for multicollinearity, and 
considering that slag-cement incorporation affects concrete hardened properties and salt-scaling 
resistance differently, including it as a variable enhanced the model. 
The probability (P-value) and estimate coefficients of the investigated variables are 
presented in Table 8-6, and the derived mathematical equation of the modeled response is 
summarized below. 
E [Salt Scaling |Vi] = 705.66 + 15.49Ab + 15.44S -9.28 CS + 22.5SC              (8-2) 
Where SS (salt scaling) units are is in gr/m2, Ab (Abrasion) is in gr, S (sorptivity) is in 
10-4mm/ `, CS (compressive strength) is in MPa, and SC (slag cement content) is in percent. 
The correlation coefficient (R2) and adjusted correlation coefficient (R2adj) of the derived model 
were obtained to be 0.94 and0.95, respectively, with a P-value <.0001 indicating a satisfactory 
accuracy between the predicted model and the experimental data. In addition, Figures 8-5 and 8-
6 illustrate the residual plots of the proposed model applied to the calibration and comparison 
between predicted and measured values applied to the validation data, respectively, where it can 
be observed that residuals demonstrate no systematic patter. Therefore, the proposed model 
seems adequate for predictions and inferences.  
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According to the table, abrasion, sorptivity, and compressive strength, in order of 
significance, greatly influenced salt-scaling resistance of concrete with sorptivity having the least 
effect. The effect of second-order interaction between these variables on salt scaling resistance 
appeared statistically insignificant. 
 
Figure 8-5. Residuals plot of the proposed model applied to calibration data 
 
Figure 8-6. Comparison between predicted and measured salt scaling, applied to the validation 
data 
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Table 8-6. ANOVA results and estimated coefficients of modeled response 
Term Variables 
Coefficient P-value 
Intercept 705.66 0.0002 
Abrasion (gr) 15.49 <.0001 
Sorptivity 15.44 0.0323 
Compressive Strength -9.28 0.0058 
Slag Content (%) 22.51 <.0001 
8.5.3. Mechanisms Related to Salt-Scaling Damage 
While there have been several theories proposed by different researchers during the past 
decades, there is still no general agreement about the main mechanism of salt scaling and no 
single theory has so far been able to account for the whole spectrum of laboratory and field 
observations. Therefore, the phenomenon of salt scaling is likely a result of a combination of all 
or some of the proposed hypotheses. In addition, there might be facts still missing in these 
theories regarding the overall mechanism of salt scaling. One rational way is proposed in the 
review provided by Amini et al. [24], suggesting the following combination of mechanisms: 
(1)!Exerted tensile stress due to shrinkage of ice generates micro-cracks on the surface of 
concrete through the glue-spalling mechanism and connects the capillary pores to the 
surface.  
(2)!Connected capillary pores in stage (1) simplify the capillary transport of external liquid 
into concrete pores during both the pre-saturation and F–T stages. This in turns creates a 
favorable situation for forming sufficient ice and ice growth, a proposed major scaling 
mechanism governed by cryogenic suction of surface liquid under freezing.  
(3)!Eventually, depending on the type of the deicer used, the temperature, and the solute 
concentration, osmosis mechanism may/may not contribute to scaling damage.  
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(4)!Depending on the de-icing salt used, chemical reactions between the deicing salt and 
cementitious matrix can result in crystallization/precipitation of salt in porous system and 
within the body of concrete resulting in scaling damage. 
   The findings in this study confirm the proposed combination of the mechanisms.  Although 
a complex phenomenon, salt scaling damage and its controlling parameters may be summarized 
as illustrated in Table 8-7, showing the risk of a given mechanism in participating in salt-scaling 
damage caused by variation of controlling parameters. The table also shows the observed effects 
of the controlling parameters on compressive strength, abrasion resistance/hardness, sorptivity, 
and bleeding potential of concrete specimens. The terms “good air-void system”, “adequate 
curing”, and “poor finishing” are comprehensively discussed in [7,9,11]. Mixed effect (↔) in the 
table is referred to an effect that depends on other factors, e.g., in case of the effect of air-void 
system on the risk of glue spalling participation, it has been shown that depending on the w/cm, 
variation of air content may improve/decrease salt-scaling resistance of concrete by affecting the 
surface hardness, which is a measure of glue-spalling mechanism level of participation in the 
damage [7]. As mentioned earlier, salt-scaling potential may be indicated by the soptivity, 
abrasion resistance, and compressive strength, each related to different concrete specifications. 
Therefore, these properties may be used to measure/avoid the potential of each scaling 
mechanism. Based on the results presented in previous studies [7,9,11] and above, abrasion 
resistance, type of salt, and sorptivity, in the order of importance, influence the scaling damage 
of concrete.
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Table 8-7. Relationship between concrete properties and ingredients with effective salt-scaling mechanisms 
Salt-Scaling 
Mechanism 
 
Damage 
Location 
 
Influential Factors 
 
 
Controlling Parameters  
Higher 
w/cm 
Higher 
slag dose 
Good air-
void system 
Adequate 
curing 
Poor 
finishing 
Glue spalling 
 
Surface 
  
Surface Hardness and salt 
concentration 
HR 
 
LR 
 
↔ 
 
LR 
 
HR 
 
Cryogenic suction Pores Salt concentration, capillary porosity HR LR - LR - 
Osmosis pressure Pores Salt concentration, capillary porosity HR LR - LR - 
Precipitation 
 
Pores 
 
Type of deicing salt, salt 
concentration, and capillary porosity 
HR 
 
- 
 
LR 
 
LR 
 
- 
 
Chemical attack 
 
 
Pores 
 
 
Type of deicing salt, salt 
concentration, cement chemistry, 
and capillary porosity 
HR 
 
 
? 
 
 
- 
 
 
LR 
 
 
- 
 
 
Observed effect on salt-scaling resistance ↓↓ ↓↓ ↔ ↓ ↓ 
Other Properties Related Mechanism Effect 
Strength - ↑↑ ↑ ↓ ↑ - 
Abrasion 
resistance/Hardness Glue spalling ↑↑ ↑ ↓ ↑ ↓ 
Sorption Cryogenic suction and Osmosis pressure ↑↑ ↓ - ↑ - 
Bleeding potential Glue spalling ↑↑ - ↓ - - 
 
Note: HR = higher risk, LR = lower risk, ? = not clear, ↓ = decrease, ↑ = increase, ↔ = mixed effect 
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8.6. General Summary and Recommendations 
Statistical models were established using a multiple regression analysis approach to 
quantify the effect of mixture parameters and their coupled effects on concrete performance, as 
well as the relationship between concrete hardened properties and salt-scaling resistance. The 
statistical models are valid for a wide range of mixture proportioning and provide an efficient 
means to determine the influence of key variables on concrete performance. The results 
presented in this paper may be useful for researchers and engineers in this field to simplify the 
quality control procedure needed to optimize concrete given a certain set of performance 
requirements.  
Based on the derived models, the following conclusions can be drawn: 
-! Concrete performance is impacted, in the order of importance, by w/cm, slag-cement 
replacement, and air content. At low w/cm (i.e., 0.35), variation of slag cement and air 
content has limited/negligible effects on concrete properties, while at a high w/cm the 
relationship between these parameters is more pronounced. 
-! The choice of curing regime has substantial influence on concrete overall performance. 
Specimens subjected to 28 days of moist curing, with an average overall performance 
of 83%, performed superior compared to other curing regimes. 
-! Slag cement incorporation was found beneficial to improve concrete hardened 
properties, while lowered the resistance of concrete to salt scaling. 
-! Concrete hardened properties, especially abrasion resistance, were shown to be 
effective tools for making reliable predictions and further inferences about salt scaling. 
-! Salt scaling damage is caused by a combination of different mechanisms; glue spalling, 
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cryogenic suction, osmosis pressure, salt precipitation, and chemical reactions. The 
impact of these damage mechanism is proportioned to concrete properties and 
ingredients, and construction variables, i.e., finishing and curing. 
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CHAPTER 9.   !CONCLUSIONS AND FUTURE WORK 
9.1. Summary 
An extensive effort has been made to enhance the body of current knowledge regarding 
salt-scaling resistance of concrete. A comprehensive literature review on the topic has been 
performed, followed by an experimental program designed to study (i) the relationship between 
air-void system and salt scaling, (ii) the effect of mixture components on concrete hardened 
properties and salt-scaling potential, (iii) the impact of workmanship, i.e., different finishing 
times and curing regimes, on the scaling resistance of concrete specimens, and (iv) the 
correlation between concretes’ hardened properties and salt-scaling resistance. Statistical 
univariate and multivariable regression models, to be used by researchers and field engineers, 
were developed using non-destructive tests, i.e., ultrasonic pulse velocity (UPV) and rebound 
hammer (RH), to facilitate the prediction of concretes’ hardened properties and salt-scaling 
resistance. Finally, the contribution of each of the investigated factors on concretes’ hardened 
properties and salt-scaling resistance was statistically investigated and corresponding 
multivariate-regression models were developed.  
Mixture variables considered were water-to-cementitious materials (w/cm) ratio, paste 
volume, slag cement, and air content. Concrete performance was mainly investigated through 
abrasion resistance, sorptivity, compressive strength, and salt-scaling tests. Shrinkage and freeze-
thaw resistance of the concrete mixtures were also tested to evaluate the effect of paste volume 
on concrete’s hardened properties.  Finally, research is in progress toward assessing the 
correlation between cement chemistry and salt-scaling damage.  
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9.2. Conclusions 
The major conclusions corresponding to each study objective are as follows: 
Air Entrainment and Salt-Scaling Resistance of Concrete; A Critical Review. This 
paper reviewed more than 130 research papers to provide new insight into the mechanisms of 
salt scaling, the most important factors that affect the scaling resistance of concrete, the role of 
entrained air, and how the air-void system influences the resistance of concrete to salt-scaling. 
From the research conducted throughout the past decades, the following conclusions are most 
significant: 
-! Three major mechanisms can be identified that underly the process of salt frost scaling; 
glue-spalling, cryogenic suction, and osmosis; none of them by itself is solely 
accountable for all salt scaling. 
-! The relationship between the air-void system and salt scaling is poor, especially in 
mixtures with either an excess or deficiency of entrained air. In general, ~3-6% of air 
content can improve, but not guarantee, salt-scaling resistance of concrete likely through 
reducing bleeding potential and improving surface hardness. Air at more than 6% may 
contribute to lower salt-scaling resistance. 
-! Workmanship, i.e., finishing and curing, was recognized as the main tool for controlling 
concrete scaling resistance. Finishing was found to affect salt-scaling potential by 
affecting surface hardness, while the choice of curing regime appeared to be accountable 
for affecting both sorptivity and surface hardness, consequently influencing salt-scaling 
resistance of concrete. 
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-! Use of slag cement appeared to improve concrete mechanical properties, while reducing 
salt-scaling resistance of concrete. A review of the results implies that correlation 
between slag cement and salt-scaling resistance is more likely a chemical issue than a 
physical problem; this requires further study. 
In general, it can be concluded that salt-scaling damage is a consequence of a combination of 
all the reviewed parameter, and none of them by itself is accountable for controlling salt-
scaling damage. 
Linking Air-Void System and Mechanical Properties to Salt-Scaling Resistance of 
Concrete Containing Slag Cement. This paper focused on correlating salt-scaling resistance to 
material performance of concrete made with various water-to-cement ratios (w/cm), slag cement, 
and air content. The material performance of mixtures was evaluated using air-void system, 
sorptivity, abrasion, compressive strength, and depth-sensing indentation (DSI) tests. Based on 
the results reported in this paper, while the relationship between concrete properties and salt-
scaling resistance of concrete is complex and relative, the following conclusions appear to be 
warranted: 
-! The effect of air content on the performance of concrete specimens made with w/cm of 
0.35 was negligible, while adequate air entrainment was found beneficial for mixtures 
made with a w/cm ratio of 0.55, and for a given slag cement replacement, mixtures made 
with 3-6% air content exhibited the least abrasion and scaling compared to mixtures 
containing <3% (non-air entrained) or >6% air content. 
-! Salt scaling appeared to be independent from spacing factor, indicating that a spacing 
factor of less than 200"#$ does not guarantee satisfactory scaling resistance of concrete. 
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-! Incorporation of slag cement can be misleading in the interpretation of results associated 
with salt scaling. It improves concrete sorptivity, abrasion resistance, and surface 
hardness while resulting in diminished salt-scaling resistance. 
-! Correlation was established between salt scaling, sorptivity, abrasion, and the air-void 
system of the concrete. Based on these results, depending on w/cm, scaling is related to 
all these parameters, and none of them by itself can ensure good scaling resistant 
concrete.  
Effect of Finishing Practices on Surface Structure and Salt-Scaling Resistance of 
Concrete. This study investigated the effect of finishing time on surface structure and salt-
scaling resistance of concrete samples made with different binary systems and the relationships 
among these parameters. Three different finishing times: immediately after fabrication, after 
bleeding stopped, and at initial setting time, were implemented, and a novel procedure for 
monitoring the bleeding time of fresh concrete was also investigated. The general highlights of 
the study are as follows: 
-! Based on the results obtained in this study, there is no clear relationship between spacing 
factor and salt scaling, implying that ensuring a spacing factor of less than 0.2"$$ does 
not necessarily guarantee satisfactory scaling resistance of concrete. 
-! Since slag-cement replacement improved mechanical properties but resulted in lower 
salt-scaling resistance, salt scaling assessment based on mechanical properties of 
mixtures containing different slag-cement replacement levels at 28 days or less can be 
misleading. 
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-! In general, delaying finishing after bleeding stopped was found to be the most beneficial 
practice, while the worst performance in terms of abrasion and salt scaling was attained 
with early finishing. In addition, finishing at the time of initial set rather than early 
finishing improved scaling resistance to some extent.  
-! The investigated procedure for monitoring bleeding time was found to be feasible, 
although more data must be collected and correlated with field experience before it can 
be considered definitive. The accuracy required of the infrared camera, the rate of 
evaporation, and the ambient temperature might be limiting factors.  
Effect of Curing Regimes on Mechanical and Salt-Scaling Performance of Concrete 
Containing Slag Cement. This study investigated the significance of curing regime choice on 
the main factors that influence the scaling performance of concrete containing slag-cement 
replacement between 0%, and 60%. The effect of different curing methods, including moist and 
compound curing with different length of 3, 7, and 28 days, were evaluated. The general 
highlights of the study are as follows: 
-! No correlation was observed between the air-void system and salt-scaling of the mixtures 
in this study, indicating that ensuring a spacing factor of less than 200#$ does not 
necessarily guarantee satisfactory scaling resistance of concrete. 
-! It was found that, for a given mixture, salt-scaling is a function of sorptivity and abrasion 
resistance of concrete, while curing was found to have a significant impact on both 
sorptivity and abrasion resistance of concrete.  
-! With respect to curing regimes, the worst performance was achieved by compound cured 
samples, followed by those experiencing shorter moist curing times. For plain concrete, 3 
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days of moist curing and 28 days of compound curing resulted in the same salt scaling 
performance. The effect of choice of curing regime appears to be more significant when 
considering slag cement specimens. 
-! There appears to be a poor relationship between sorptivity and abrasion, and scaling 
resistance for higher slag contents, indicating that these parameters do not satisfactorily 
explain the change in performance.  
Development of Prediction Models for Mechanical Properties and Durability of 
Concrete Using Combined Non-Destructive Tests.!This paper developed statistical models 
using ultrasonic pulse velocity (UPV) and rebound hammer (RH) tests to predict the mechanical 
properties and durability of concrete. Non-destructive tests (NDTs) were used both individually 
and combined, and predictive models were devolved and compared. The intent was to align 
models for in-situ predictions of existing structures. The highlights of this study taken from the 
experimental results and analyses performed for the concrete types tested are as follows: 
-! The prediction of compressive strength was improved using a combination of UPV and 
rebound hammer results, while RN and its derivatives were the only statistically-significant 
parameters found for prediction of abrasion and salt scaling.  
-! While concrete properties exhibited major effects on the mean and dispersion values of UPV 
and rebound number (RN), it was found that none of the quantities w/cm, slag cement 
content, air content, curing regime, and finishing time are statically significant, and adding 
them as variables to the proposed models should be avoided. The approach presented in this 
paper is generic and independent of the material property to be assessed. The proposed 
models are independent with respect to concrete mixture proportions, finishing and curing 
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conditions, and can be applied for general use where no other background information 
regarding concrete properties is available. 
-! A salt-scaling classification table based on rebound hammer results was developed. Along 
with the models developed in this study, the table may be useful for researchers and 
engineers in the field for quickly estimating in-situ concrete salt-scaling resistance and 
quality.  
Effect of Mixture Proportioning, Curing, and Finishing on Concrete Surface 
Hardness. Effects on surface-abrasion resistance (hardness) of concrete of various mixture 
proportions involving different water-to-cementitious materials (w/cm) ratio, slag cement, and 
air content, as well as various curing regimes and finishing times, were assessed. An effort was 
also made to correlate the surface hardness with concrete hardened performance in terms of 
compressive strength, surface micro hardness, and salt-scaling resistance. A scaling quality 
classification table using abrasion mass loss values was also developed. Based on the results 
reported herein, the following conclusions can be highlighted: 
-! Among the investigated mixture constituents, w/cm ratio was found to have the most 
significant impact on concrete surface hardness, so that the effects of slag cement and air 
content variation on the performance of concrete specimens made with w/cm of 0.35 
were negligible, while adequate air entrainment (3-6% air content) was found beneficial 
for mixtures made with w/cm of 0.55. 
-! For a given slag-cement replacement, mixtures made with 3-6% air content exhibited the 
least abrasion mass loss, compared to mixtures containing <3% (non-air entrained) or 
higher than 6% air content. In addition, up to 40% slag-cement replacement appeared to 
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improve the surface properties, while higher replacement negatively affected concrete 
abrasion resistance. 
-! The lowest sensitivity to finishing time was observed for concrete proportioned with 40% 
slag cement, while the highest variation in results was attributed to plain concrete. In 
general, mixtures finished after the cessation of bleeding exhibited superior performance 
with respect to concrete surface hardness. 
-! Curing method and length appeared to have more pronounced effects on abrasion 
resistance compared to slag-cement incorporation and finishing time. For all values of 
slag-cement content, the minimum mass loss was attributed to specimens experiencing 28 
days of moist curing, while the minimum resistance to abrasion damage was delivered by 
the specimens experiencing only 3 days of compound curing. In addition, plain 
specimens exhibited higher sensitivity to curing regime than mixes containing slag 
cement. 
-! A fairly linear relationship between surface micro hardness and abrasion mass loss was 
established. It was also found that abrasion becomes independent of compressive strength 
after a certain strength limit, 35 MPa, is reached.  
-! A salt-scaling classification table based on abrasion mass loss results was developed. It 
may be useful for researchers and engineers in the field for quickly estimating in-situ 
concrete salt-scaling resistance and quality. 
A Summary of Factors Affecting Concrete Salt-Scaling Performance. This paper 
compiled results from Chapters 3-5, and employed multivariate regression analyses to model the 
effect of mixture parameters on concrete hardened properties and salt-scaling performance. It 
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also attempted to correlate hardened properties to salt-scaling resistance of concrete. The 
modeled mixture parameters included the water-to-cementitious material (w/cm) ratio, slag 
cement, and air content. Concrete performance was evaluated through abrasion resistance, 
sorptivity, compressive strength, and salt-scaling tests. The statistical models are valid for a wide 
range of mixture proportions and provide an efficient means to determine the influence of key 
variables on concrete performance. Based on the derived models, the following conclusions can 
be drawn: 
-! Concrete performance is impacted, in the order of importance, by w/cm, slag-cement 
replacement, and air content. At low w/cm (i.e., 0.35), variation of slag cement and air 
content has limited/negligible effects on concrete properties, while at a high w/cm the 
relationship between these parameters is more pronounced. 
-! The choice of curing regime has substantial influence on concrete overall performance. 
Specimens subjected to 28 days of moist curing, with an average overall performance 
of 83%, performed superior compared to other curing regimes. 
-! Slag cement incorporation was found beneficial to improve concrete hardened 
properties, while lowered the resistance of concrete to salt scaling. 
-! Concrete hardened properties, especially abrasion resistance, were shown to be 
effective tools for making reliable predictions and further inferences about salt scaling. 
-! Salt scaling damage is caused by a combination of different mechanisms; glue spalling, 
cryogenic suction, osmosis pressure, salt precipitation, and chemical reactions. The 
impact of these damage mechanism is proportioned to concrete properties and 
ingredients, and construction variables, i.e., finishing and curing. 
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9.3. Future Work 
Recommendations for future study are as follows: 
-! Salt scaling is mainly a surface-related phenomenon, and future work may include 
investigating the effect of cement chemistry on surface properties and scaling resistance. 
In addition, chemical reactions associated with slag-cement replacement may be of 
interest for further study. 
-! Further data may be collected to develop the classification table proposed in Chapter 7. 
New data could be used to adjust and refine the relationship between surface hardness 
and salt-scaling resistance in accordance with ASTM and BNQ standard classifications. 
-! Since assessment of concrete bleeding duration is of interest to field engineers, future 
work may include conducting the proposed testing method under different weather 
conditions. More research to investigate the effect of slag-cement replacement on salt 
scaling resistance of concrete could be useful. A future activity may include the 
comparison of hydration products on different layers of concrete containing plain cement 
with those of slag-cement concrete, and the reactions of such products with de-icing salt. 
-! Quick assessment of numerous properties is of interest to field engineers, and future work 
may include sampling concrete specimens with a greater range of variables and responses 
and a wider range of NDT methods to obtain a more comprehensive sample size. This 
could further improve the proposed models.  
-! It might be of use to investigate the influence of different parameters including mixture 
proportion, relative humidity of the specimens, curing, and finishing on the results 
obtained by UPV and RN, as well as their uncertainty values.
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! APPENDIX. TOWARD PERFORMANCE-BASED DESIGN AND 
SUSTAINABILITY; EFFECT OF MIXTURE PROPORTION ON 
CONCRETE PERFORMANCE 
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A-1. Abstract 
This paper aims to investigate the relationship between paste ingredients for achieving an 
optimum paste-to-void volume ratio. To this end, the effect of mixture proportion characteristics, 
including slag-cement replacement, air-content, water-to-cementitious material ratio (w/cm), and 
paste volume on concrete performance were evaluated. The performance of the mixtures was 
evaluated through compressive strength, abrasion resistance, sorptivity, shrinkage, and freeze-
thaw resistance measurements. 
According to the test results, incorporation of slag cement resulted in a significant 
improvement in concrete characteristics. In addition, correlation between paste content and 
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concrete properties was found dependent on w/cm, and the maximum desirable paste volume 
appeared to be about 1.6 times the void content of the combined aggregate system used in this 
study to achieve optimum performance.  
Author Keywords: Mix design, mechanical properties, durability, sustainability, air content, 
paste volume. 
A-2. Introduction 
Mixture proportioning of concrete typically requires the adjustment of several mixture 
ingredients to achieve adequate fresh and hardened properties [1,2]. Available methods are 
mostly prescriptive and based on achieving characteristic strength and the necessary consistency, 
where the water-to-cement ratio (w/c) is determined by the required strength, and the water 
content by the required workability [3]. The ACI method, for instance, involves using empirical 
tables to choose proportions of the various ingredients to meet strength and workability 
requirements based on the fineness modulus of sand and maximum size of coarse aggregate [4]. 
However, the concrete properties of interest are not limited to workability and strength, nor are 
the parameters influencing the concrete performance tied to the fine and coarse aggregate 
physical characteristics.  
Parameters including water-to-cementitious materials ratio (w/cm), paste volume, 
supplementary cementitious materials (SCMs), and air content are other crucial mixture 
proportioning variables that affect the performance of concrete [5–8]. The term “performance” 
can broadly be attributed to the potential of the new product to fulfil its desired function assigned 
by engineers, based on the required application, i.e., setting time, shrinkage, sorptivity, abrasion, 
and freeze-thaw resistance.  
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Moreover, while the mix proportions should be optimized for construction operations, 
economy, and sustainability [9,10], current mixing methods may not always be adequate for all 
applications [11]. Studies [12–14] have revealed that the specified cement content by available 
methods is higher than the required for intended performance [12–14]. This not only increases 
the cost and need for concrete preservation, because of higher shrinkage and permeability, but 
also has a broad negative impact on the environment due to high energy consumption and CO2 
emission of cement production [7]. Miller, et al., [15] found a linear correlation between global 
warming potential per volume of concrete and portland cement content. In this direction, 
construction industry has been moving towards performance based specifications [16–19], which 
promotes sustainability through better use of materials achieved by focusing on concrete 
properties needed for a unique application.  
As part of the transition, it has been desirable to reduce the paste volume without 
compromising concrete performance, i.e., workability, strength, and durability [20–22]. 
According to the “excess paste” theory proposed by Kennedy [20], enough cement paste should 
be provided in concrete to not only fill voids between aggregate components but also to cover 
and separate aggregates to reduce inter-particle friction between aggregate components when the 
mixture is in fresh state. While this theory has been confirmed by many researchers [23–25], the 
definition of the term “enough past content” is still elusive. The paste-to-void volume ratio ('(')) 
approach [22], on the other hand, is believed to be more useful than one using parameters of 
‘cementitious content’ or ‘paste content’ because it takes into account differences between 
aggregate systems [21,26,27]. The '(') is determined by calculating the paste volume of concrete 
mixtures divided by the voids in the consolidated combined aggregate system. The paste volume 
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comprises the volume of water, the cementitious materials, and the air in the system. The concept 
provides a quantitative means to consider the interaction between paste and aggregate system 
and achieve a quality concrete mixture with minimum impact, while meeting specifications. 
Yurdakul, et al., [22] investigated the critical minimum paste volume requirement for 
performance by analyzing the '(') on concrete properties, with results revealing that approximately 
1.5 times more paste by volume than voids is required between aggregates to achieve a 
minimally-effective performance in concrete, although the investigated properties were limited 
to workability, compressive strength, air permeability, and rapid chloride penetration. In 
addition, the relationship between the paste ingredients (cementitious material, water, and air 
content) to achieve an optimum '(') was not studied.  
This paper investigates the effect of mixture proportions on concrete mechanical 
properties and durability. Variables included water-to-cementitious-material ratio (w/cm), air 
content, slag-cement replacement, and paste-to-void volume ratio ('(')). The performance of the 
mixtures was evaluated through compressive strength, abrasion resistance, sorptivity, shrinkage, 
and freeze-thaw resistance measurements.  
A-3. Experimental Program 
A-3.1. Materials  
Type I portland cement, Class C fly ash, and slag cement (ground granulated blast 
furnace slag) were incorporated in binder systems. Table A - 1 presents the chemical and 
physical characteristics of the cementitious materials used. Polycarboxylate-based high-range 
water reducing admixture (HRWRA) and vinsol-based air-entraining admixture (AEA) were 
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employed. The dosage rates of the HRWR and AEA were adjusted to achieve initial slump and 
air content values of 5 ± 1 cm and 2–9 %, respectively. Continuously-graded crushed limestone 
aggregate with 19-mm nominal maximum size (NMS), a bulk specific gravity of 2.68, and an 
absorption value of 0.81 % was selected. A well-graded limestone fine aggregate with fineness 
modulus 2.97, absorption value 1.5%, and specific gravity 2.62 was used.  
Table A - 1. The chemical analysis of the cementitious materials used in the concrete mixtures 
(%) 
 Cement Fly ash Slag cement 
SiO2 20.10 36.71 37.20 
AlO3 4.44 19.42 9.48 
Fe2O3 3.09 6.03 0.47 
CaO 62.94 25.15 40.10 
MgO 2.88 4.77 10.99 
SO3 3.18 1.97 1.11 
Alkalies (Na2Oe) 0.10 1.64 0.26 
Loss on ignition 2.22 0.18 0.75 
Insoluble residue 0.7 - - 
Free lime 0.8 - - 
 
A-3.2. Combined Aggregate Gradation 
The combined aggregate gradation was chosen based on looking at different aggregate grading 
criteria, including 0.45 power [28] (Figure A - 1a), Shilstone workability factor [29] (Figure A - 
1b), and tarantula aggregate grading plots [30] (Figure A - 1c). Based on these charts, the fine-to-
total aggregate ratio of 36.7% appeared to be the best aggregate system for this study. The void 
percentage of the combined aggregates was measured as outlined in ASTM C29 [31], and was 
found to be 29.9% for the aggregate combination used in all the mixtures. 
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Figure A - 1. Combined aggregate gradation curves: (a) FHWA 0.45 power curve chart; (b) 
Shilstone workability factor chart; (c) Tarantula. 
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A-3.3. Mixture Proportion 
A total of 30 concrete mixtures were prepared with different binary and ternary combinations of 
fly ash and slag cement, water-to-cementitious material ratio (w/cm), air, and binder contents, 
shown in Table A - 2. Non-air entrained mixtures (1-18) were used to investigate the correlation 
between paste-to-void volume ratio ('(')) and concrete hardened performance, while the rest (mixes 
with (*)) were used to study the effect mixture proportion. All the mixtures had a fixed fly ash 
content of 20% and slag-cement content varied among 0%, 20%, and 40%.  
The '(') values in Table A - 2 present the volume of paste to the measured void content of the 
combined aggregate. Paste volume is defined as the volume of cementitious materials, mixing 
water, and total air.  
Table A - 2. Mixture compositions 
Mix 
No. 
AC 
(%) 
SC 
(%) w/cm  
+,+- 
 
Materials (kg/m3) 
 
Binder Cement Fly ash Slag cement 
Coarse 
Agg. 
Fine 
Agg. Water 
1* 
< 
3 
(N
on
-a
ir 
en
tra
in
ed
) 
0 0.35 180 415 335 84 0 1165 675 146 
2 0 0.35 148 356 285 71 0 1237 717 125 
3 0 0.35 122 303 242 61 0 1297 752 106 
4* 20 0.35 180 415 251 84 84 1163 675 146 
5 20 0.35 148 355 142 71 142 1234 715 125 
6 20 0.35 122 304 182 61 61 1296 752 106 
7* 40 0.35 180 415 167 84 167 1160 673 146 
8 40 0.35 148 355 142 71 142 1232 714 125 
9 40 0.35 122 303 121 61 121 1294 750 106 
10* 0 0.55 214 415 332 83 0 1028 596 228 
11 0 0.55 171 356 285 71 0 1116 647 196 
12 0 0.55 121 303 242 61 0 1238 717 166 
13* 20 0.55 215 415 249 83 83 1026 595 228 
14 20 0.55 172 356 214 71 71 1114 646 196 
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Table A-2 (continued) 
Mix 
No. 
AC 
(%) 
SC 
(%) w/cm  
+,+- 
 
Materials (kg/m3) 
 
Binder Cement Fly ash Slag cement 
Coarse 
Agg. 
Fine 
Agg. Water 
15 
< 
3 
20 0.55 122 304 182 61 61 1235 716 166 
16* 40 0.55 217 415 166 83 166 1023 593 228 
17 40 0.55 173 355 142 71 142 1112 645 196 
18 40 0.55 123 303 121 61 121 1234 715 166 
19* 
3-
6 
0 0.35 163 415 332 83 0 1135 658 145 
20* 20 0.35 164 415 249 83 83 1132 656 145 
21* 40 0.35 165 415 166 83 166 1129 655 145 
22* 0 0.55 151 303 242 61 0 1161 673 166 
23* 20 0.55 152 303 182 61 61 1160 672 166 
24* 40 0.55 153 303 121 61 121 1158 671 166 
25* 
> 
6 
0 0.35 186 415 332 83 0 1084 628 145 
26* 20 0.35 187 415 249 83 83 1081 627 145 
27* 40 0.35 188 415 166 83 166 1079 625 145 
28* 0 0.55 173 303 242 61 0 1111 644 166 
29* 20 0.55 174 303 182 61 61 1110 463 166 
30* 40 0.55 175 303 121 61 121 1107 642 166 
Note: (*) indicates the mixtures used to investigate the effect of mixture proportion on concrete 
performance, AC: air content, and SC: slag cement. 
A-3.4. Mixing Procedure and Testing Program 
The mixing sequence consisted of introducing AEA diluted in 1/3 of the water to the 
coarse aggregate and mixing until a foam formed, continued by homogenizing the fine and 
coarse aggregate for 30 sec, before introducing the cementitious materials along with the 
remaining water. The concrete was mixed for 3 min, followed by 3 min of rest and remixing for 
an additional 3 minutes. After casting, all specimens were covered with plastic sheeting for 24 
hr, after which they were demolded and cured in accordance with ASTM C31 [32]. 
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The abrasion resistance of the specimens was determined using a rotating-cutter drill 
press. The test was performed in accordance with ASTM C944 [33]., with the specimen surface 
subjected to the rotating-cutter at 197 N for 2 minutes. All dust was removed, and each 
cylindrical sample was then weighed. The procedure was repeated for 2 more cycles on two 
specimens. The total mass loss was then averaged and reported.   
The capillary absorption test, known as sorptivity and water uptake test, was conducted 
on cylinders of 100×50 mm, per ASTM C1585 [34].  The cylinder surface was then placed in 
contact with water and the mass of absorbed water due to capillary sorption was determined at 
different times over a total interval of 9 days. 
A RapidAir 3000 automatic image analysis system compatible with ASTM C457 [35] 
was used to perform air-void analysis on the hardened mixtures. Square specimens of 100×100 
mm were cut from the middle of the beams perpendicular to the surface.  
Drying shrinkage of mixtures was evaluated using a digital type extensometer on 
prismatic specimens measuring 75×75×285 mm in accordance with ASTM C157 [36]. After 
demolding at 24 h, the prisms were immersed in water for 6 days, then kept in a temperature and 
humidity-controlled room at 23 ± 1 oC and 50% ± 3% relative humidity, respectively. 
Compressive strength testing was performed on 100×200 mm concrete cylinders 
according to ASTM C39 [37]. Three cylinders of age 28 days were tested, and average strength 
values were reported.  
Procedure A of ASTM C666 [38], i.e., rapid freezing and thawing in water, was used to 
assess freeze-thaw resistance. This procedure is used to indicate the variations in both the 
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properties and conditioning of concrete and does not provide a quantitative service life 
prediction. The procedure was continued for 300 cycles, after which testing was stopped and 
final measurements were taken. To evaluate accumulated damage in the specimens the resonant 
frequency was determined after every sequence of 30 F-T cycles in accordance with ASTM C 
215-02 [39]. The relative dynamic modulus (Pc) of samples was estimated using Equation 1. Pc 
was defined as the ratio between the fundamental transverse frequency of a sample after C cycles 
(n1) to the fundamental frequency of the sample after 0 cycles of freezing and thawing (n). 
/0 = " 23424 "×100""                      (1) 
In addition, the following equation was used to calculate the durability factor (DF) of the 
concrete samples [38]:  
67 = " 89:;;                       (2) 
where P is the percentage of dynamic modulus of elasticity at N cycles, and N is number 
at which P reaches the minimum specified value for discontinuing the test. According to ASTM 
666, maximum cycling time is when the Pc value is not less than 60%. If Pc value met this 
requirement after 300 freezing and thawing cycles, N is set to 300 [38].  
A-4. Results and Discussions 
The effect of w/cm ratio, binder composition, air content, and paste-to-void volume ratio ('(')) on the concrete performance was investigated, and Figure A - 2 through Figure A - 7 
illustrate the relationships between these variables and compressive strength (Figure A - 2) 
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abrasion (Figure A - 3), sorptivity, (Figure A - 4), shrinkage at age of 7 days (Figure A - 5), 
shrinkage at age of 56 days (Figure A - 6), and frost scaling (Figure A - 7).  
A-4.1. Compressive Strength 
The relationship between mixture proportion and compressive strength of the concrete 
mixtures is shown in Figure A - 2a. As expected, w/cm exhibited the highest impact on 
compressive strength of the specimens. Regardless of the w/cm and air content, slag-cement 
replacement always improved compressive strength to some extent. In addition, for both w/cm 
ratios, variation of air content influenced compressive strength of the specimens. These results 
agree with findings reported in the literature [40]. 
Figure A - 2b demonstrates the effect of '(') on compressive strength of concrete. It can be 
observed that for both w/cm ratios, strength increased up to a limit with higher '('), and once a 
certain paste volume was reached, compressive strength became independent of the paste volume 
or was slightly reduced. For example, for the case of mixtures made with w/cm of 0.35, 
increasing '(') from 150% to 180% resulted in 5MPa less strength, likely due to not all the 
cementitious materials participating in the pozzolanic reactions. As mentioned earlier, increasing 
the cementitious content above a given amount did not contribute to improving the strength. This 
amount appears to be ~160% for both w/cm ratios. Similar results are reported by Yurdakul et. al 
[22]. 
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Figure A - 2. Relationship between the compressive strength and (a) mixture proportion, (b) '(') of 
the concrete mixtures. Example: 0S35 = 0% slag and w/cm of 0.35 
A-4.2. Abrasion 
It can be observed from Figure A - 3a that w/cm is the dominant factor controlling 
concrete abrasion resistance. Slag-cement replacement also provides a significant contribution to 
improving abrasion resistance that indeed is more pronounced for the mixtures made with higher 
w/cm. This may be attributed to higher content of fine particles and greater specific surface area 
of slag than cement, that causes a reduction in free water content in fresh state, resulting in 
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higher cohesiveness. This higher cohesiveness reduces bleeding in the fresh state and 
consequently produces a harder surface. 
Moreover, chemistry of slag cement involves the dissolution of calcium aluminum ions to 
form a C–(A)–S–H type gel [41–43], promoting development of high mechanical strength and 
reduced permeability in such systems [44–46]. It should be noted that the improving impact of 
slag cement on concrete performance is a compound effect, meaning that the effect of changes in 
both the fresh state (lowering the bleeding) and the hardened state (higher density and strength) 
resulting from the use of slag cement alter the concrete performance.   
For w/cm of 0.35, the effect of air content seems to be negligible, while at higher w/cm a 
complex relationship can be specified between air content and abrasion resistance of the 
specimens. Although increasing air content contributed to lower abrasion resistance, 3-6% of air 
resulted in improved surface properties. This is likely due to higher bleeding potential of the 
mixtures made with w/cm of 0.55 that is reduced by applying enough air entrainment (3-6% air 
content). Moreover, although entrained air contributes to lower bleeding, it simultaneously 
reduces the hardness of concrete. Therefore, it is likely that this disadvantage of air entrainment 
governs its beneficial effects when concrete contains more than 6% air content. In addition, a 
high w/cm ratio value results in a more porous structure and consequently lower hardness 
[2,47,48]. At lower w/cm, however, no bleeding was observed on the surface of the specimens, 
so it is possible that increasing the air content only contributed to lower hardness of the 
specimens, resulting in relatively higher abrasion. 
219 
 
 
 
 
Figure A - 3. Relationship between the abrasion and (a) mixture proportion, (b) '(') of the concrete 
mixtures. Example: 0S35 = 0%slag and w/cm of 0.35 
 
From paste-volume perspective, it can be seen in Figure A - 3b that for mixtures made 
with w/cm of 0.35, abrasion resistance is independent of the paste volume, while for w/cm of 
0.55 increasing '('), up to a limit, led to lower abrasion (mass loss), and once a certain limit of 
paste volume was reached, further increase in paste volume resulted in higher abrasion. This may 
be explained by higher risk of bleeding and formation of a porous C-S-H gel at high w/cm 
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resulting in a low-quality paste on the surface, which can be mitigated by introducing enough 
cementitious content. However, it is likely that higher paste volume reduces the contribution of 
aggregates on the surface resulting in higher abrasion. These results indicate that a '(') of ~160% 
and 3-6% air content can be used to control abrasion resistance of concrete. 
A-4.3. Sorptivity 
The relationship between mixture components and sorptivity of the concrete mixtures is 
presented in Figure A - 4, where it clearly can be seen that sorptivity is greatly influenced by 
mixture proportion, with slag cement reducing the sorptivity, while w/cm and air content 
resulting in higher sorptivity. 
The sorptivity reducing effect of slag cement is likely due to high filling effect and high 
pozzolanic reactivity of slag cement, which results in improved microstructure density and lower 
sorptivity. 
  The results show that, for w/cm of 0.35 the relationship between air content and 
sorptivity is insignificant, while at a higher w/cm ratio, increasing air content leads to higher 
sorptivity. It has been shown that increasing water content influence the sorptivity of concrete by 
generating more connected capillary pores [50]. Therefore, it is possible that at higher w/cm, 
increasing the air content compounds with the capillaries and increases the interconnectivity of 
the porous system resulting in higher sorptivity. 
It can be observed from Figure A - 4b that the relationship between the '(') and sorptivity 
depends on the w/cm of the mixtures. For w/cm of 0.35, sorptivity is independent of the paste 
volume, while for w/cm of 0.55, sorptivity of the mixtures is increased with higher '('). This is not 
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quite surprising, and may be explained by the fact that at low w/cm the movement of water 
becomes limited due to reduced diameter of continuous capillary pores and increased resistance 
to such a movement [51], and therefore, the effect of paste content will be negligible. This 
implies the dominant effect of w/cm over paste content. For w/cm of 0.55, however, higher w/cm 
compounds with increasing paste volume resulting in higher sorptivity. Similar results have been 
reported by other researchers [51,52]. 
 
Figure A - 4. Relationship between the sorptivity and (a) mixture proportion, (b) '(') of the 
concrete mixtures. Example: 0S35 = 0%slag and w/cm of 0.35 
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A-4.4. Shrinkage 
Based on the results shown in Figure A - 5a and b, slag-cement substitution reduced the 
drying shrinkage of concrete mixtures at both 7 and 56 days. This is likely due to the delay in 
hydration and the dilution effect of slag-cement mixtures, which results in initially higher free 
water and reduces the degree of self-desiccation [53]. It can be seen that the effect of slag-
cement substitution is somehow more pronounced when lower w/cm is used, where autogenous 
shrinkage can be critical.  
It should be noted that there is no general agreement regarding the effect of slag cement 
on the shrinkage of concrete. Some have reported the improving effect of slag cement [54], while 
others state that incorporation of slag cement increases shrinkage [55]. This contradiction may be 
attributed to the difference in types and properties of the slag cement used. 
It is evident that shrinkage of all mixtures increased with higher entrained air, especially 
when mixtures include higher than 6% of air content. This higher shrinkage by increasing 
entrained is possibly due to the porous microstructure of cement paste adjacent to entrained air 
and in particular, the possible interconnection between the voids, which can increase vapor 
diffusion in the concretes and accelerate the moisture loss [56]. In addition, lower stiffness 
caused by increased air may be another factor increasing the shrinkage of the specimens. 
From Figure A - 6c and b, it can be observed that increasing the '(')  in higher shrinkage 
for both ages. This can be attributed to the fact that shrinkage only occurs in the paste, and 
therefore increasing the paste volume results in higher shrinkage of the mixtures. Based on the 
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results, a"'(')  value of 160% with an air content of ~3-6% is the maximum paste volume that 
should be used in a concrete mixture to control shrinkage.  
 
Figure A - 5. Relationship between mixture proportion and (a) 7-day shrinkage (b) 56-day 
shrinkage. Example: 0S35 = 0%slag and w/cm of 0.35 
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Figure A - 6. Relationship between '(') of the concrete mixtures and (a) 7-day shrinkage, (b) 56-
day shrinkage. Example: 0S35 = 0% slag and w/cm of 0.35 
 
A-4.5. Freeze-Thaw 
Figure A - 7 illustrates the relationship between the mixture proportion and the frost-
scaling resistance of concrete mixtures. The horizontal dashed line shows the minimum 
acceptable durability factor (60%) specified by ASTM C666 [38]. It is recognized that the 
resistance of concrete to freezing and thawing can be significantly improved by the intentional 
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use of entrained air [57–60]. As expected, the results obtained show that specimens made with 
no entrained air are more vulnerable to freezing and thawing (F-T) cycles. Slag cement appeared 
to have negligible influence on the F-T resistance of the mixtures, compared to air content. With 
respect to non-air entrained mixtures (<3% air content), although w/cm showed considerable 
influence on the F-T resistance of the specimens, using a w/cm as low as 0.35 still cannot assure 
a F-T resistant concrete. 
 
 
Figure A - 7. Relationship between the freeze-thaw resistance and (a) mixture proportion, (b) '(') 
of the concrete mixtures. Example: 0S35 = 0%slag and w/cm of 0.35 
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According to the results shown in Figure A - 7b, increasing '(') up to a limit of 150% can 
improve the F-T resistance of the mixtures to some extent, above which the durability factor 
became independent of the paste volume. Therefore, a '(') of ~150% and 3-6% of air content 
seems promising with respect to obtaining a freeze-thaw resistant concrete. 
A-5. Conclusion 
The effect of mixture proportions on performance of concrete mixtures made with 
various paste to void volume ratios ('(')), air content, w/cm ratio, and slag content were evaluated. 
Based on the results reported herein, the following conclusions appear to be warranted: 
-! Although air entraining is beneficial to enhance freeze-thaw durability of concrete, after a 
certain limit it may unfavorably influence other concrete properties; regardless of w/cm, 
this limit was found to be ~3-6% to maintain freeze-thaw resistance, and a minimum 
shrinkage and abrasion, while with respect to other investigated properties, this threshold 
may vary depending on w/cm.  
-! At low water w/cm (0.35), sorptivity and abrasion resistance of concrete are independent 
of air content variation, while at a high w/cm (0.55), increasing air content can negatively 
affect these properties. In case of compressive strength and shrinkage, increasing the air 
content results in lower strength and higher shrinkage for both w/cm ratios. 
-! In general, for mixtures made with w/cm of 0.55, an approximate value of '(') = 160% 
with an air content of ~3-6% was the optimum ratio for obtaining the best performance 
with respect to strength, abrasion, shrinkage, and freeze-thaw. No threshold was observed 
for the relationship between '(') and sorptivity. For mixtures made with w/cm of 0.35, 
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increasing the paste volume did not show any significant influence on the mixtures’ 
sorptivity and abrasion resistance, while affected strength, shrinkage, and freeze-thaw of 
those made with w/cm of 0.55 to different extent.  
Based on the results obtained in this study, it is evident that the mechanical properties and 
durability of the concrete could be improved by optimizing the mixture proportion by means 
of paste volume. However, more research is needed to study the the relationship between paste 
ingredients for different aggregate gradation systems on concrete performance. 
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